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Introduction

The seeds of adult and childhood disease appear to be sown in utero and in infancy. The health (or lack
thereof) that one is experiencing in the present moment may have more to do with the first nine
months of that individual’s life than any other single factor. It may seem fairly straightforward that
healthy mothers give rise to healthy offspring. However, it is becoming increasingly evident that the
intra-uterine environment may have a unique and far greater impact on lifelong health than was
previously understood. In fact, these in utero signals (or insults, depending upon the definition) can
permanently alter gene function in ways that may last a lifetime.! Increasing our understanding of this
process is clinically important because as more is learned about the origins of adult disease, there are
more opportunities to make simple and effective changes that have untold positive influences on the
life-long health of the mother and child. It is important to consider the causes of disease throughout the
whole life-cycle so that proper interventions may be offered that can prevent disease from ever gaining
a foothold. Much emphasis has been placed on preventive medicine for the postnatal life of the adult
and addressing factors such as diet and lifestyle. However, only recently has it become clear that
prevention of disease means addressing the health of an individual even before that individual is
conceived.

The mechanisms behind this critical window of human development have become elucidated with the
current understanding of epigenetics — the science of how given a single genotype (inherited genes),
many different phenotypes (function and expression of those genes) are possible without any change to
the inherited gene sequence itself. To put it another way, when the exact same set of genes is nourished
in two different environments, the result will be two very different sets of offspring characteristics. The
gene set we inherit supplies a fixed number of possible phenotypes, whereas the environment within
which those genes function determines which of these phenotypes will be expressed. These differing
phenotypes have permanent consequences for the child’s lifetime endocrine, metabolic and cellular
repair mechanisms. This process is termed developmental plasticity,? which explains how a single
genotype can give rise to a range of physiological and structural changes persisting throughout the
lifetime.

The totality of environmental influences on the child’s genetic and phenotypic make-up has recently
been termed the fetal exposome.? Not only do individual factors affect fetal development, but the
maternal-fetal exposome acts synergistically to influence long-term health outcomes. For example,



when a mother has a vitamin A deficiency, the effects of that deficiency are made worse by exposure to
PDBEs (flame retardants, which are ubiquitous in our environment and exposure is universal). It also
works the other way, where the detrimental effects to the fetus of exposure to pollutants can be
alleviated if maternal nutrient status is improved.*>

The development of an individual’s phenotype happens first and foremost in the womb. It makes sense
from an evolutionary standpoint that potent modifications in our genome happen in the uterine
environment so as to give the child the best possible chance of survival given certain environmental
conditions. Many of these plastic responses are beneficial to the offspring. However, many end up being
detrimental because the phenotype-induced changes do not match the post-natal environment.?%” This
“mismatch” will be explored later and may be one of the most important causes of detrimental
outcomes to offspring. The most well-studied example of this mismatch involves a restricted fetal
environment, as is the case of many pregnancies, which causes the baby to be born low birth weight.
Subsequently, when the post-natal environment involves excess macronutrients, this leads to rapid
catch-up growth in the first few months or years of life. This mismatch leaves undeniable scars on the
lifelong metabolism of the child.

Environmental factors such as low oxygen levels produce changes in the uterine environment which
drive non-genetic organ development, such as brain, heart, lungs, mitochondria and kidney.2*%1! These
gene-independent influences involve alterations in cell organization, cell differentiation, and alter the
number of cells in a particular organ (Figure 1). These gene-independent responses are also part of our
developmental plasticity,®” and have lifelong consequences including elevated blood pressure and
increased risk of cardiovascular disease.'? Even merely suboptimal levels of nutrition or minor
perturbations in maternal physiology can have heretofore unknown detrimental effects on the lifetime
health and susceptibility to disease of the child by changing the structure, function and future reserve of
a given organ. Together, these genetic and epigenetic influences on the developing fetus are collectively
known as the “developmental origins of health and disease (DOHD).” 13
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Today, the drastic rise in childhood disorders such as autism, AD(H)D, asthma, obesity, autoimmunity,
diabetes and more, may be the biggest challenge we face as a society. The untold economic and
emotional burden that health-challenged offspring present to immediate family as well as to society are
just now starting to be fully understood. Understanding the origins of such disorders may prove
invaluable in the prevention and mitigation of these devastating trends. Acting now to change public
awareness and increase individuals’ motivation to become healthy before pregnancy may prove to be
one of the most economic and effective solutions in turning the tide of disease and dysfunction in
childhood and even into old age. While most diseases require additional post-natal inputs (poor diet,
continued toxic exposure, micronutrient deficiency, etc.), finding and modifying the initial disturbances
(in utero) is proving capable of reducing the risk of future illness.'*

This article offers a review of the current scientific research pertaining to certain aspects in the DOHD so
that awareness may be increased among health care providers and the public. Through an informed
public and practitioner base, this may motivate parental preconception changes that, as far as can be
understood now, may have preventative and beneficial outcomes for current and future offspring. It is
also important to understand the pathophysiology of disease, especially at its very origins, in order to
develop more effective treatments for those already afflicted with iliness. Clarifying epigenetic
regulators and how to modify them will improve pregnancy outcomes and the ability to treat and
prevent disorders that emerge much later in life, even as their origins begin very early in life.

Epigenetics

The literal meaning of epigenetics is the factors “above and beyond” the DNA code sequence which
influence how a gene functions. Epigenetics can be defined as the study of heritable changes in gene
expression that do not involve alterations in the DNA sequence.’® Epigenetics is the science of
understanding how environmental (exogenous and endogenous) inputs impact gene functioning. The



main epigenetic influence on gene functioning occurs through processes that affect methylation and
acetylation pathways. Other factors involving micro and macro nutrient availability and xenobiotic
inputs also influence how a gene functions, and these changes can be either temporary or permanent.
This is important because for most childhood and adult diseases including autism spectrum disorders
(ASD), the environment has as much, if not more, influence on the development of these neurological
and physiological pathologies than the genotype.'®

Gene Function — A Brief Review
It is important to understand factors which affect gene function. This will help give the reader an
understanding of how numerous inputs and stimuli during fetal development cause lasting changes in
gene function. The following should provide a simple understanding of a very complex process.
A gene ultimately codes for an end product which is usually a protein or enzyme which has an integral
part in the structure or function of the cell. There are by current estimates 35,000 genes in a human
genome. Most of the gene sequences are constantly wrapped in histone complexes and methyl groups
and are therefore “turned off” or unreadable. A few genes are constantly turned “on,” usually those
vital to cell functioning. Most genes are only turned on if environmental stimuli are received, such as
when a hormone signals the DNA transcription factors to start “reading” the gene to make the end
product. Many stimuli, such as hormones, will affect hundreds of genes at the same time, turning some
on and some off. Estrogen, for example, may affect over 400 genes in a single cell, producing a
multitude of actions within that cell. In order for a protein/enzyme to be produced, the gene must
undergo a process whereby:

1. The histones unravel and the methyl groups surrounding that particular part of the gene

move away.

2. The gene can now be transcribed by DNA polymerase.
mRNA can now come and “read” or transcribe the gene code.
4. The RNA is transferred out of the nucleus to the endoplasmic reticulum to be translated by

ribosomes into a set of instructions for how to build a particular end product.”

w

Epigenetics describes the changes to any part of this mechanism (usually methylation) which alters how
a gene is read, how often it is read (if at all), and how the endoplasmic reticulum puts the protein
together. This occurs often and ultimately allows our genes some flexibility in response to our
environment. As stated previously, many of the epigenetic changes are beneficial, while other are not
so helpful and may lead to later disease states. Factors which alter this process in a negative way
include xenobiotics, reactive oxygen species, hormonal imbalances, psychological stress, nutrient
deficiencies, UV radiation and more (see Figure 2). Again, understanding these epigenetic influences
provide therapeutic intervention loci.
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Figure 2. Epigenetic influences across the lifespan. Various environmental inputs have lasting or
permanent effects on gene function. This is different than development of single nucleotide
polymorphisms (SNPs) which are permanent alterations in gene sequence, although many of the
same factors causing epigenetic changes can also cause de novo SNPs. Epigenetic modulation occurs
at the level of gene methylation, histone acetylation and/or endoplasmic reticulum function which
alters the amount and structure of the end product for which the gene is coding. Used with
permission from Kanherkar RR , Bhatia-Dey N, and Csoka AB. Epigenetics across the human lifespan.
Front. Cell Develop Bio. 2014 Sep; 2(49): 1-19.

It was once believed that genes mainly or solely determined the function of an organism. However,
observations seemed to contradict this theory - such as why identical twins would often have very
different health outcomes even when growing up in the same household. In fact, even in cases of
genetically-linked diseases such as Type | diabetes, there is only a 30-50% correlation between same-sex
genetically identical twins and lifetime prevalence of Type | Diabetes.® This apparent puzzle is solved by
understanding that while many diseases do show genetic predispositions and have genetic pre-
requisites, it is environmental stimuli (or epigenetic control) that completes all necessary requirements
for disease initiation and progression. Many of these environmental inputs induce permanent changes
in our gene expression, while others may cause only temporary changes.? It is beyond the scope of this
article to expound upon each of these inputs and their effects. The references given can direct the
reader to further information on this topic. Here, the focus is on critical periods of fetal development
and the most detrimental known factors which affect the imprinting and permanent memory of fetal
genetics.

Difference between SNPs and Epigenetics and How They Interact to Produce Genetic Plasticity



It is important to make a distinction between a single nucleotide polymorphism (SNP) and epigenetic
alterations. While the two influence each other, they are inherently separate mechanisms which affect
gene function. SNPs are not in and of themselves an epigenetic factor, but they may ultimately influence
epigenetic factors. A SNP is a change to the genetic sequence of nucleobases and occurs in one of two
ways: 1) inherited by one or both of the parents (somatic), or 2) acquired (de novo) at some point in the
lifespan. Mutations range in size from a single DNA building block (DNA base — SNP) to a large segment
of a chromosome (chromosomal mutation). De novo mutations which happen in utero or very early in
life help explain genetic disorders in which an affected child has developed a gene mutation in every
cell, but has no family history of the disorder. In other words, the damage to the gene or chromosome
happened after fertilization by epigenetic influences. It is estimated that an adult acquires de novo
mutations at a rate of two SNPs per year, doubling the amount of SNPs every 16 years.? This is
important for fetal development because as an individual ages, he/she acquires more de novo
mutations which may be passed down to the offspring and have detrimental effects. This is one reason
that older parents tend to have children with more developmental disorders and adult diseases.
Statistically, the age of optimal offspring outcomes appear to be between the ages of 22-32 for the
female and 21-40 for the male.* However, the optimal age for reproduction varies according to lifestyle,
nutrition, socio-economic and other factors.

Some individuals are more susceptible to epigenetic modifications than others. Certain SNPs make it
more likely that an individual will develop de novo mutations (SNPs) throughout their lifetime. This also
makes the genes more “plastic” and susceptible to epigenetic modification. For example, SNPs which
code for methylation, such as MTHFR, MTRR, COMT, BHMT, etc. will significantly change the
methylation patterns in the DNA. This will, in turn, make it more likely that certain genes will either be
read when they are not needed or not read when they are needed.?! If an offspring inherits or acquires
significant mutations in this pathway, it may leave the genes abnormally methylated, meaning either
hyper- or hypo-methylated. Interestingly, global hypo-methylation, as indicated by lab tests such as
Homocysteine or SAM: SAH ratio, can actually produce regionally hyper-methylated areas on the
chromosomes, thus blocking RNA transcription.?? This may produce disease by not allowing the gene to
be regulated properly and respond to environmental inputs. In addition, there may be acquired
methylation deficits that are induced through nutrient deficiencies such as folate, B12, methionine,
betaine, B6, B2, zinc, molybdenum and choline (methyldietary constituents).? It is imperative to point
out that one may have few to no SNPs which affect methylation, but if the individual is deficient in
cofactors and methyl donors (B12, folate, etc.) he/she will have nutrient-deficient abnormal
methylation with the same outcome as if many SNPs existed. Furthermore, many people, including
mothers, have the compounded problem of both genetic (SNP) and acquired (suboptimal methyldietary
nutrients) methylation deficiencies. Inadequate enzyme activities and imbalances of the methyldietary
constituents may cause homocysteine and S-adenosylhomocysteine accumulation. Therefore, the
addition or removal of methyl groups on DNA and histones are the primary mechanisms of changing the
epigenetic landscape.2* Much focus has been put on the early life implications of altered methylation
status, and this is discussed in more detail below. The essential point here is that SNPs and epigenetics
are different mechanisms but they interact with one another. Certain SNPs, such as MTHFR, if positive,
may not only have immediate consequences for gene function, but also leave that individual more
susceptible to future SNP formation and altered gene function.

Critical Windows in Fetal Development



The ability to modify early life risk factors for later disease requires an understanding of timing of organ
development. The first 1000 days of life, which includes gestation and the first two years of postnatal
life, seems to be the period of the entire lifespan where most epigenetic changes occur. Organs
undergo differing rates of rapid growth during fetal development which leave those organs highly
susceptible to negative stimuli, such as deficient nutrient supply and oxygen delivery, which causes
changes that are irreversible.?>?® If conditions are not optimal, there will be permanent changes in the
structure and function of the organ. Understanding these time-sensitive periods can have important
implications as to when and how to optimize that particular organ’s development (as well as when to
protect it from harmful inputs) in order to promote greater offspring success. Again, this may be
independent of gene function (i.e. iron deficiency), or a consequence of gene function (e.g. methylation
SNP).

Perhaps the earliest and most well-studied living example of human fetal epigenetics and long-term
consequences for health pertains to the Dutch Hunger Winter of 1944-1945 (Figure 3).27:282°

The Dutch Hunger Winter has illuminated many associations with adult diseases and is especially
valuable because it is a “natural” experiment which, for obvious ethical and moral reasons, is impossible
to do on humans in a controlled environment. As can be seen in Figure 3, the extent and type of adult
disease depended upon when the fetus was exposed to the famine. During that time, most women were
restricted to less than 1000kcal/day for a period of about 8 -10 months. Depending on when the child
was conceived during that time, different organs and biological systems were affected. This aligns with
current embryological evidence as to when certain organs begin formation and are therefore more
susceptible to developmental changes. Figure 4 further highlights the critical windows of organ
development and, in this case, when exposure to environmental pollution caused the most detrimental
changes to particular organs.

Epigenetic Mismatch and Catch-up Growth

What appears to be especially damaging is when the child is exposed to intrauterine nutrient and/or
oxygen restriction, increased exposure to pollutants, and altered hormonal signals such as leptin —all of
which are related to low birth weight. When in postnatal life the environment switches to a
macronutrient excess, this shift overwhelms the child’s epigenetic changes that were caused by the
inadequate uterine environment. This is known as the thrifty gene hypothesis,®*323% and leaves the
offspring engaged in a lifelong struggle with metabolic processes that are not fit for current conditions.
This often manifests as accelerated “catch-up growth” seen in low birth weight (LBW) or small for
gestational age (SGA) babies. Catch-up growth which happens in the first few months of post-natal life is
related to increased risk for diabetes, asthma, ASD, cardiovascular disease, hypertension, behavioral
problems and even cancer.3**

Dutch Hunger Winter

Exposure to Famine

First trimester Second trimester Third trimester

Glucose intolerance Glucose intolerance Glucose intolerance
Impaired insulin secretion Impaired insulin secretion Impaired insulin secretion
Hypertension Hypertension Hypertension
Atherogenic lipid profile Impaired renal function




Figure 3 Postnatal consequences of the Dutch Hunger Winter. This diagram details
the postnatal consequences of gestational specific exposure to the starvation rations. It
is clear that exposure during the first trimester had the most severe effects.

Early Pregnancy Influences on Fetal Programming and Later Disease Risk

As seen in Figure 4, every major organ in the human body begins to develop in the first three weeks of
life. All organ development is dependent upon placental nutrient availability. Therefore, the
implantation of the embryo could prove to be the most important event related to future development
and disease risk. Approximately half of all pregnancies are unplanned,* which makes the embryonic
period subject to unknowing mothers who may be nutrient deficient, and who may continue to drink
alcohol or engage in other risky behaviors, thereby altering their metabolism and increasing
environmental exposure to smoke and pollutants. The materno-fetal supply line begins to develop very
early in gestation and rapid growth occurs soon after. Note that because the early embryonic and
placental developmental period is so important, interventions need to be initiated before pregnancy or
immediately after if possible.
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Figure 4. Critical windows and developmental milestones of organogenesis in the embryo and fetus.
Most organs begin development in the first 8 weeks of life, which represents perhaps the most critical of
all the windows in organogenesis. This graph also illustrates the complications that arise from air pollution
exposure and timing of that exposure. Ritz B, Willhelm M. Air Pollution Impacts on Infants and Children.
UCLA Institute of the Environment. 2008. Accessed November 2014 from
http://www.environment.ucla.edu/media/files/air-pollution-impacts.pdf).3°

During the first seven days after fertilization, the embryo is entirely dependent upon passive diffusion
from surrounding extracellular fluid. The placenta has not developed yet. Therefore, if there are
xenobiotics, low nutrient status, insufficient oxygen and increased inflammatory signals, then the
embryo may never survive, and if it does, is already set up for altered fetal growth trajectories due to
epigenetic changes. According to the British Nutrition Foundation’s report on Nutrition and
Development, “the nutritional status of a woman before pregnancy is critical to both her baby’s and her
own health. It determines her well-being and that of the fetus and child, and in turn the health and
reproductive capacity of the next generation.”*> One of the most detrimental early-life environment is
being overweight before conception. Since more and more women are overweight before birth, this has
serious consequences for future generations and is also an important therapeutic intervention point.



Nutrient Deficiencies/Excesses Contributing to Altered Fetal Growth

Teenage Pregnancy

One of the most prevalent contributing factors to nutrient deficiencies in the developed world is
teenage pregnancy, which continues to comprise a significant portion of births. Approximately 10% of
births in the U.S. are from very young teenage mothers.* This population is at an increased risk of birth
complications such as pre-eclampsia and are more likely to have low birth weight babies.*” Adolescents
are at a higher risk of developing nutritional insufficiencies due to their higher macro and micro nutrient
needs resulting from their own growth requirements. Teenage mothers are also at a higher risk of
developing later osteoporosis, since the fetal calcium requirements will be met by taking calcium from
the mother’s bones, even as she herself is still continuing to grow.*® Also, the diets of teenage girls differ
significantly from those of older women, and adolescents tend to east fewer fruits and vegetables and
more inflammatory foods such as grains, sugar and packaged foods.**° Younger girls are also at
increased risk for anemia and deficiencies in iron, folate, calcium, vitamin E, vitamin D and other
nutrients.>>>? This leaves their children at greater risk for low birth weight, which is the number one
perinatal risk factor for increased incidence of childhood and adult dysfunction, especially if
accompanied by catch-up growth in which the child crosses centiles.>?

Iron in Pregnancy

It is estimated that 50-75% of all pregnant women are iron deficient in the US and other developed
countries. Iron status further decreases with parity as well.>** Women are at a much higher risk of iron
deficiency than men. Supplementing with iron in women who show lower iron status during pregnancy
has long been known to improve health outcomes of the child.>® Iron deficiency in pregnhancy can lead to
adult hypertension.®”*8 This is mediated through altered vascular system and kidney development and it
appears that the critical period is the first few weeks of embryonic development. The primary role of
iron is delivering crucial oxygen to meet the high energy requirements of fetal cells. Iron deficiency
impairs organogenesis, and in the case of adult hypertension risk, the lower number of nephron
formation during critical periods of kidney formation appears to be a major contributor. This puts the
child at a lifetime higher risk of hypertension and kidney dysfunction.>® Many miscarriages are also a
result of insufficient iron because trophoblastic implantation and placental development are severely
impaired.®®

All organs depend on adequate oxygen delivery, especially the brain which undergoes the most rapid
and complete development during pregnancy. Iron deficiency is the leading cause of hypoxia to the
fetus.®® Development of the hippocampus and frontal cortex are particularly vulnerable to fetal
deficiencies, which result in later neurological impairments such as lower 1Q and developmental
disorders such as ASD.5%®2 |n fact, Schmidt shows that lower maternal intake of iron is associated with a
double risk for autism, and when combined with other risk factors such as maternal/paternal age and
obesity, the risk jumps to a five-fold increase compared to mothers who have higher intakes of iron both
pre- and post-pregnancy. Other neurological consequences of maternal low iron includes altered
myelination, altered dopamine and serotonin metabolism, and even changes in gene expression in the
hippocampal region affecting synaptic function and plasticity. Alterations in the blood-brain barrier are
also seen in fetuses of mothers who are iron deficient, which increases the exposure of the developing
brain to neuro-active hormones and organic acid metabolites.®® Furthermore, there are additive effects
of inflammation and iron deficiency. In one study, maternal iron deficiency anemia (IDA) together with
an infection, increased cytokines and immune activation in the mother, which triggered production of
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fetal brain antibodies and greater neurological deficits compared to either infection or IDA alone, and
much greater than controls without either IDA or infection.®* Iron deficiency in pregnancy is also related
to preeclampsia, preterm delivery, LBW babies, as well as asthma and atopy in children. 65¢

Currently there is no consensus on optimal iron intake. There are also subpopulations that need either
more or less iron depending on genetics and circumstances.®” For example, women with the HFE gene
C282Y or H63D may need less iron, and taking too much iron could create an epigenetic imprint on the
fetus for further development of hemochromatosis in male offspring. There has not been an
investigation to date of perinatal iron status and risk of later development of hemochromatosis, but
given the increased prevalence of iron overload it may very well prove to be developmental in origin.
Low iron status at birth may also be a risk factor for development of hemochromatosis later in life. As
always, too much or too little seem to have similar effects. Other populations where iron should be
given with caution are those at risk of, or who have developed, preeclampsia. In this case, red blood cell
lysis releases excess iron into the blood stream and increases fatty acid oxidation and free radical
formation, both of which can be detrimental to fetal development.® This highlights the importance of
individualization in supplemental regimens.

It appears most risks of altered health outcomes decline when ferritin is at least 15 ng/ml and continues
to improve up to 65 ng/ml. There do not seem to be any adverse effects of iron supplementation with
ferritin levels up to 100 ng/ml, unless the rise in ferritin is associated with inflammation (see the section
on maternal inflammation, below). IDA may never fully manifest, even though iron status is insufficient
for optimal fetal growth. Measuring ferritin, serum iron, and percent saturation is preferable over just
hemoglobin and hematocrit as IDA is a late manifestation of iron deficiency and may not be revealed
until critical windows have already passed.®

Methyldietary Nutrients in Pregnancy (Folate, B12, B6)

Methylation, as discussed above, is the most important epigenetic factor in fetal development. Despite
the fortification of many foods with folic acid, dietary intakes are very often below recommended
minimums for pregnancy, especially in the first few weeks of life.*> The RDI of folate is largely based on
the prevention of neural tube defects. However, it is now becoming more evident that the neurological
role of folate has to do with its role in methylation and that it has global neurological influences. Many
pregnant women are found to be deficient in one or more of the methyldietary nutrients, even if
supplementing.’® Furthermore, traditional methods of testing folic acid serum or RBC folates may be
inadequate and do not give a functional status of folate levels, especially if MTHFR genotypes are
present.”!

Some of the early and most revealing studies on the epigenetic effects of methyl nutrients happened in
agouti mice.”?’* These studies were the first to highlight the lifelong effects of insufficient methyldietary
nutrients. Agouti dams who were not given methyldietary nutrients during pregnancy gave birth to
more unhealthy offspring than the control group who were given methyl nutrients. The mice who were
given methyldietary nutrients were healthier than controls. They exhibited a healthier phenotype in
which they did not gain weight, show signs of cardiovascular disease or develop diabetes throughout
their entire lifespan, even though the postnatal environment and diet was exactly the same for both
groups. Since then several studies have highlighted the association of methyl donor availability and later
disease. Through the methylation pathway, suboptimal levels of maternal folate appear to drive
epigenetic patterns which relate to offspring development of ASD, neurocognitive decline, heart
disease, behavioral problems, altered neurotransmitter signaling, cancer, and many other disorders as
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will be discussed below. In fact, it is speculated that most epigenetic changes which impair mental
development, health and later psychology in the offspring are nutritional in origin.”®

Elevated Homocysteine in Pregnancy

The functional status of methyldietary availability may be best tested by homocysteine (Hcys). While
altered methylation subtypes such as MTR or BHMT polymorphisms may not always display as elevated
Hcys, this test will pick up the majority of methylation defects and results above 12 nmol/ml represent
nearly all of the methylation defects, no matter whether they are genetic or acquired (nutrient intake).
Additionally, those women with an MTHFR genotype are at greater risk for decreased folate status and
elevated homocysteine. A causal relationship has been found between elevated homocysteine (an
inverse marker of B12 and/or folate status) and low fetal birth weight.”® Again, LBW is associated with
later life risk of many disease states such as diabetes, CVD, neurocognitive impairment and cancer. Even
if mothers with MTHFR or other methylation gene SNPs have adequate intake of folic acid, it does not
ensure that the folic acid is able to be methylated and therefore available for use in genetic replication,
repair and other enzyme systems. It may be more beneficial to provide these women with methyl-folate
and to check functional markers of folate status such as Hcys or fomiminoglutamate.” Supplementation
with folic acid during pregnancy has been shown to lower Hcys in population-based studies.”” Doses up
to 5 mg of folic acid have been shown to reduce the risk of fetal growth restriction by 66%.®

In addition to LBW, elevated Hcys during pregnancy is associated with adverse offspring outcomes
such as down syndrome,” spontaneous abortions, preterm delivery, hypertensive disorders of
pregnancy such as eclampsia,®®®! various neurological disorders,®? autism,®® insulin resistance, obesity,
diabetes,?* neonatal hyperbilirubinemia,®® hypertension and chronic kidney disease,® and intrauterine
growth restriction,®” to name just a few. If methylation is altered, there are a multitude of downstream
effects. For example, leptin has protective effects on the offspring against later obesity through changes
in promoter methylation of the hypothalamic POMC gene.® Diet-induced methylation deficits of POMC
and SOCS-3 genes have been shown to promote an altered leptin-insulin feedback loop, predisposing
the child to lifelong leptin resistance.?9°!

Folate

Optimal levels of folate must again be individualized. There are many subpopulations of women who do
not absorb or utilize folic acid very well and therefore must take more than the RDI. For example,
women with celiac disease, diabetes, and those who are overweight or taking certain medications may
need much more folic acid than the RDI.?? Those with a history of NTDs are advised in the UK to take 5
mg, whereas the RDI during pregnancy for most women is only 800 mcg. Because of the concern for
folate masking of B12 deficiency, it may be prudent to provide B12 during folate supplementation. Most
women do not take folic acid before conception and this may lead to altered outcomes due to
deficiencies during the critical windows of neurological development, even if folate supplementation
starts sometime later in the first trimester.”® This is one reason why increased public and health provider
awareness is so important. Recommendations for certain at-risk women to take increased
methyldietary nutrients above current RDI’s, even when not planning to get pregnant, may prove to
be the single greatest intervention for improving health outcomes for current and future generations.
Very few pregnant women receive Hcys testing prior to or during pregnancy. Instituting Homocysteine
testing for pre-pregnant and pregnant women as a public policy change and adding it to obstetric panels
may be the most beneficial test added in decades.

12



Could folic acid supplementation be contributing to neurological disorders?

There is an interesting hypothesis about the relationship of folic acid supplementation and the autism
epidemic which seems to warrant investigation. Folic acid supplementation (FAS) was instituted in the
1990s to reduce NTDs and in this regard has been quite successful. However, this approach may have
created an unforeseen consequence. Prior to FAS (here, we reference FAS as synthetic fortification of
foods and not to methylfolate, which may prove beneficial) it is hypothesized that many children with
the MTHFR-positive phenotype were spontaneously aborted due to insufficient folate metabolism.
Mothers who take folic acid prevent miscarriage and NTDs but consequently more babies are now born
with this phenotype. This results in more babies with a greater need for folate and methyldietary
nutrients. However, most women stop taking folic acid supplements after birth, even if they are
breastfeeding, and the postnatal folic acid requirements for MTHFR-positive children has largely been
ignored. MTHFR-positive children have a much higher incidence of ASD (as well as many other
disorders). Because there are more children with MTHFR-positive status, it is apparent that the need for
methyldietary fortification extends throughout the lifetime of these children, who in turn grow up to
have more children with MTHFR-positive status, thus perpetuating the trans-generational effect.®

B12

Vitamin B12 deficiencies in pregnancy are less studied than folate deficiencies, but nonetheless
represent important potential pathways for altered epigenetic programming. Intrauterine B12
deficiency significantly impacts bone growth and other organ development.® Furthermore, low
maternal vitamin B12 status is associated with increased risk of low lean mass and excess adiposity,
increased insulin resistance, impaired neurodevelopment and altered risk of cancer in the offspring.*®
Many pregnant women are B12 deficient, especially vulnerable groups including women who are
vegetarians, are obese or overweight, have hypothyroid, have various autoimmune disorders including
pernicious anemia, have MTHFR SNPs, experience intestinal malabsorption syndromes, smokers, and
teenagers.>®%%%’ Another often-overlooked subpopulation at risk for B12 deficiency during pregnancy
involves bariatric surgery recipients. While the benefits of losing weight before pregnancy may make the
intervention beneficial for offspring, micronutrient deficiencies are more often found in those women
who received the surgery.®

Rather than testing for B12 deficiency per se, much of the research centers on homocysteine (Hcys)
which may be related to each of the methyldietary nutrients (B12, B6, folate, methionine, etc.) in
differing amounts. Clinically, this is why it may be more important to test for functional methylation
markers and supplement with a variety of methyl nutrients until status improves. Rarely does taking one
single methyl nutrient resolve elevated Hcys. There may not be enough time to tease out which
nutrients are the most deficient during pregnancy which may result in delay of supplementation, thus
missing critical windows in fetal development. Therefore, it may be advisable to take a combination of
methyldietary nutrients at the same time. Another reason this may be a more beneficial strategy is
based on the observation that providing an increase in a single nutrient may increase the body’s need
for other nutrients. Thus, providing only B12 may create a de facto deficiency in other nutrients,
especially the methyldietary ones.

There is substantial evidence that supplementing with B12 during pregnancy, especially in vulnerable
subgroups of women such as those described above has significant beneficial outcomes for offspring. In
one study, Torres-Sanchez and colleagues showed that supplementing with B12 changed the length-to-
weight ratio (which is a risk factor for lifelong obesity, neurological and cardiovascular abnormalities) of
children born from mothers with MTHFR SNPs, especially the C667T allele.®® Reinforcing the importance
of poly-supplementation, supplementing women with riboflavin who have this allele and then develop
hypertension during pregnancy appears to be quite effective at lowering hypertension and related
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complications.” Improving diet with clean, organic, animal-based foods and by following a
Mediterranean-style diet (MSD) also improves B12 status in pregnant women.®

The importance of diet as a significant epigenetic factor in fetal programming cannot be overstated. In
fact, Chatzi et al. demonstrated that if a mother adheres to a strict Mediterranean-style diet with plenty
of plant based foods, nuts, seeds and a moderate amount of animal protein in the form of fish and
organic meats, this significantly lowers the childhood risk of wheeze and atopy with a follow-up period
of 6.5 years. %1% postnatal diet was not associated with later risk of atopy and wheeze, highlighting
the fact that the fetal environment preprogrammed offspring for not only later dietary habits, but
immunological responses well into childhood. Those women who ate the most junk food had babies
who were more likely to grow up with food sensitivities and asthma, even after adjusting for a multitude
of variables such as socioeconomic class, age and adiposity at birth. Of course, this does not mean that
all women should follow a strict MSD, as a more personalized approach based on food sensitivity
testing, cultural awareness and genetic preferences may prove more beneficial. However, these studies
highlight the important effects that a diverse, natural foods-based peri-conceptual diet has on the long-
term health of offspring.1®

B6

Vitamin B6 is another important methyldietary nutrient. Studies show that while deficiency in this
vitamin may be less common than other B vitamins and minerals needed for proper methylation, the
effects to fetal development are not inconsequential.'% Although rare, status epilepticus is a result of
vitamin B6 deficiency in those with genetic SNPs altering B6 metabolism. Studies have shown that
pregnancy increases demand for B6 in both mother and child, and treatment may require very high
doses of B6.*’

Zinc

Zinc (Zn) is essential for brain and organ development in prenatal and postnatal life.*® Zinc deficiency is
one of the most common worldwide, including in developed countries. Several reports of zinc deficiency
in pregnant women show that 50-75% of women have inadequate Zn levels.'® Zn is needed for DNA and
RNA replication and deficiencies have been shown to reduce fetal brain growth and synaptogenesis.'®
Zinc is needed throughout the body as a cofactor for many enzymes and thus affects development of
connective tissue, heart and lungs. Zinc supplementation reduces the risk for premature birth and may
be especially important to supplement in those children born preterm or LBW.** Zinc may help prevent
recurrent spontaneous abortions as well, due to its immunological properties.!?® Optimal levels of zinc
intake for most women may be 7 — 25 mg/day depending on other dietary and genetic factors. Levels of
75 mg/day during pregnancy have been reported as safe. Individualized requirements may be more
accurately determined through individual nutrient evaluation and testing. These tests are becoming
more available to the general public at relatively low cost.

Other Nutrients to Consider

lodine, vitamin D, EFAs, vitamin A, calcium, selenium, molybdenum and other trace minerals are
extremely important for both fetal development and maternal health. Up to 75% of women have a
deficiency in one or more of these important nutrients.’®!! |t appears that selenium and vitamin D are
the most common deficiencies during pregnancy.* Ethnicity and time of year affect vitamin D levels as
darker skin pigment and fall/winter/early spring are associated with lower levels. In one study, 80% of
women were deficient in vitamin D.*?
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It is beyond the scope of this article to give a complete nutritional synopsis of every individual nutrient
and the potential adverse outcomes associated with excess or deficiency. However, the important role
of many micronutrients in epigenetics and fetal development cannot be overstated. It is also apparent
that many women (in both developed and undeveloped countries) are extremely deficient in many of
these essential nutrients, which makes timely supplementation with these nutrients crucial. It is the
potential of modern “individualized medicine” that more and more women (and men) can be tested and
given the exact nutrients in which they are found to be deficient. In the meantime, it may beneficial for
many individuals to receive these nutrients in a multi-vitamin, multi-mineral and Omega 3-6-9
supplement form as the benefits of supplementation generally outweigh the risks,*'® with the exception
of vitamin A which is teratogenic at high doses.

Maternal Inflammation Affects Neuro-Endocrine Development

Obesity

Obesity is now considered to be epidemic in industrialized countries. It is estimated that in the U.S., two-
thirds of pregnant women are or will be overweight or obese even before getting pregnant.’'* It is well
know that obesity creates a wide range of metabolic and hormonal changes including activation of the
human inflammasome.!*> These include altered leptin signaling, disruption in neurotransmitter
metabolism, increase in cytokine production, alterations in immune activation, mitochondrial and
endoplasmic stress, to name a few.% In adults, evidence is clear that these changes lead to diabetes,
CVD, Alzheimer’s, Parkinson’s, cancer, hypertension and psychiatric disorders.!*’12! What is recently
being discovered, however, is that these same changes in the maternal inflammatory milieu have
extensive life-long consequences on the developing fetus.'?? The purpose of this article is not to give a
comprehensive review of the inflammatory exposome, but rather to highlight a few of the most
alarming epigenetic changes to offspring known to produce detrimental life outcomes - especially
related to brain and metabolic sequelae.

Adipose tissue is an endocrine and immune influencing “gland.” Increased maternal adiposity is
associated with elevated cytokines such as interleukin (IL)-6, tumor necrosis factor-alpha (TNF-a), IL-1B,
monocyte chemotactant protein (MCP)-1, C-reactive protein (CRP), leptin, insulin and estrogens, all of
which play a role in the development of insulin resistance, Type Il diabetes and hypertension.!?® Obesity
leads to over nutrition in the fetus with concomitant micronutrient deficiency. Maternal obesity leads to
offspring being born either overweight or underweight. Interestingly, the average birth weight plot
graph used to look like a bell shaped curve. However, as obesity has increased, the distribution now
resembles a U-shaped curve with fewer babies being born with average weight, and more being born on
both ends of the scale. Similarly, both LBW and high birth weight (HBW) show remarkably similar
epigenetic programming and later disease profiles.'?*1?> Perhaps the most telling of these epigenetic
changes is shown in Table 1, which depicts the cardiovascular and metabolic changes which happen to
offspring born in inflammatory environments.

Obese mothers also experience different birth outcomes and are more likely to deliver babies via C-
section, which is also independently related to childhood obesity, presumably due to the change in
microbiome formation. The gut bacteria of children born vaginally differ significantly from those born by
C-section and it appears that these changes are long-lasting.1?®
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Parameters Effect Maternal obesity Offspring age (years)

e =
Blood pressure Increased CEWG "

ePPW Neonates, 6, 17
Body fat Increased it i ? )

ePPW Neonates, 6

St 5

BMI Increased eGWG %2

ePPW 6,17
IL-6 Increased e i ?

ePPW Neonates
CRP Increased eGWG 9
Abdominal fat Increased eGWG 9

ePPW 6
Leptin Increased i i s

ePPW Neonates
HDL Decreased ek L‘ 2

ePPW 6
ApoAl Decreased eGWG 9
Insulin Increased ePPW 6
HOMA-IR Increased ePPW Neonates

Table 1. Offspring outcomes associated with maternal obesity, timing of obesity and effects on
offspring metabolic parameters from neonate to age 21. This illustrates how maternal obesity
preprograms the child for lifelong metabolic dysfunction with a higher risk of obesity, insulin resistance,
diabetes and heart disease. The offspring grow up with these parameters which in turn get passed on
to future generations, compounding the trans-generational perpetuation of disease.

ePPw, excessive pregnancy weight; eGWG, excessive gestational weight gain; BMI, body mass index; IL-6, interleukin 6; CRP, c-
reactive protein; HDL, high-density lipoprotein; ApoA1l, apolipoproteinA-1, HOMA-IR, homeostasis model assessment for
insulin resistance.

Maternal Microbiota and Fetal Development

The influence of the maternal microbiota on fetal development is only now beginning to be understood
but it appears that gastrointestinal health may be the main mechanism by which inflammatory and
other immune and neurological sighals exert epigenetic effects on the developing fetus.?’ It used to be
thought that the Gl tracts of newborns were sterile. New evidence suggests that fertilization and
colonization of neonatal bacteria begin in utero.'? It has been demonstrated that in preterm babies and
in mothers who experience premature rupture of membranes (PROM), the fetus is colonized before
birth. However, even in full term babies metagenomic sequencing has discovered a rich placental
microbiome. This placental microbiome likely provides important metabolic and immune contributions
to the growing fetus. In some cases, the placenta selects for certain bacteria to cross and allows for early
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colonization resembling the microbiota of the mother. If the mother has dysbiosis or altered systemic
bacterial balance, then the child will experience much of the same consequences of this altered
microbiome, even before birth.??° This is one reason why perinatal antibiotics can be so devastating to
the lifelong microbiota of the mother and child.**° In addition to possibly initiating the human
microbiome colonization in utero of the child’s skin, eyes, respiratory, genito-urinary and Gl systems, the
xenobioitic influence of bacterial organic acids also provide a direct pathway into neuro-endo-immune
patterning.

The literature is replete with the lifelong consequences that altered microbiome, insulin signaling and
obesity have on such diseases as CVD, diabetes, etc. However, the literature on the epigenetic
consequences to the developing fetus is relatively young in its evolution. The brain appears to be most
susceptible to this influence through brain-immune crosstalk. Bolton et al. gives an excellent review of
the neurological consequences of inflammation due to not only altered microbiome but also how factors
such as maternal obesity, infection, pollutant exposure, and mitochondrial dysfunction contribute to
altered neurological growth.?” Cytokines, in addition to their immune duties, also serve as growth
factors for the developing brain and other organs. Disruption in the levels of these inflammatory and
metabolic signals are proving to be very disorganizing for neurocognitive trajectories. The inflammatory
environment in the mother, through brain-immune interactions, may eventually be seen as the
primary environmental risk factor for developing ASD, behavioral disorders, lower 1Q and other
neurological disturbances. It is evident that this is primarily a non-genetic phenomenon, as opposed to
mostly being driven by genetic code. In the absence of major genetic anomalies such as trisomy 21, it is
the in utero environment which produces changes in the offspring brain and can lead to expression of a
phenotype more susceptible to neuropsychiatric illness. In his research at Cornell University, Toth
explored this non-genetic determinant of offspring anxiety traits.'3! In his experiment, he took
genetically identical embryos harvested from a mouse mother who did not have genetic abnormalities
in serotonin function. This embryo with a normal phenotype was then transferred to different mothers
for the entirety of gestation. One mother had a knock-out (KO) gene for serotonin which made her
display signs of confusion and anxiety. The other embryo was transferred to a normal wild-type (WT)
mother. The WT mother gave birth to normally behaved offspring as expected. However, the offspring
that was gestated in the KO mother displayed the same traits of anxiety and confusion as the KO mother
herself, even though the offspring did not have the KO gene. This was repeated multiple times and was
found to be independent of post-natal factors. This research illustrates how the fetal exposome,
including the maternal microbiome, influences the characteristics of neurobiological behavior in a non-
genetic way, which may explain part of the reason we are seeing such a rise in neurological, learning and
behavioral disabilities, even when parents or close relatives did not display such abnormalities.

Inflammatory Mechanisms of Altered Fetal Growth

Even if the offspring appears to develop normally in childhood and early adulthood, many studies are
now confirming that certain fetal events predispose the progeny to neurological consequences even into
much later years in life. Parkinson’s and Alzheimer’s diseases are now being connected to fetal events
such as obesity, inflammation, stress, and micronutrient deficiencies.' This is called the “two-hit” or
“multiple-hit” theory which attempts to explain the pathophysiology of these late neurological diseases.
It appears that those altered fetal events represent the first hit, and postnatal events such as continued
inflammation and glycation are the subsequent multiple hits necessary for the development of these
diseases. This is extremely relevant given the dissemination of neurological problems among all age
groups. Again, the most important target of intervention and prevention for later age disease appears to
be the first 1000 days of life.
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Much of the damaging inflammatory mechanisms are brought about through NFkB activation.1331%*

There are many dietary and nutrient interventions that have proven to dampen this NFkB response and
slow down or even reverse the effects of inflammation in the adult. Fewer studies have been done on
pregnant women and their offspring, but a few reports are encouraging. After lifestyle and dietary
management of the risk factors associated with inflammation, nutraceutical intervention appears to be
very promising.’*® Employing probiotics, curcumin, omega 3 -6-9, quercetin, resveratrol, methyldietary
nutrients, lipoic acid, NAC, sulforaphane, and green tea extracts and other polyphenols have all been
shown to lower inflammation and NFkB activation. Ly et al provide an excellent review of the use of the
above nutraceuticals in pregnancy in mediating the inflammatory, oxidative and advanced glycation
endproduct formation.'®” In addition, sulforaphane has recently been shown to improve ASD
symptoms,’3® implying that inflammatory mechanisms are at play in the autistic brain. These
inflammatory pathways affect the developing brain through metabolic endpoints such as altered
detoxification, enzyme activation, glutathione metabolism and neurotransmitter function.3”:13°

Infection, Inflammation and Fetal Programming

A large body of evidence exists pointing to the role infections play not only in inducing inflammatory
mechanisms and contributing to disrupted fetal epigenetics, but also direct effects on fetal immune
activation and preference throughout life.1%%1%3 Epidemiological studies have confirmed that maternal
infection and immune activation (mlA) is positively associated with ASD, schizophrenia, cerebral palsy
and other neurological disorders in offspring.1#214414> Animal models have further confirmed that mlA is
a profound risk factor for neurochemical and behavioral abnormalities in affected progeny.*® As such, a
complete preconception workup must include looking for symptomatic as well as asymptomatic clinical
infections which may contribute to maternal immune activation with subsequent altered fetal growth
outcomes. In addition to the typical obstetrical workup which should include cytomegalovirus, rubella
and toxoplasmosma, the clinician may consider testing for more clinically “silent” infections such as
candida, herpes, H. pylori, Borrelia burgdorferi (Lyme), mycoplasma, Epstein Barr, cytomegalovirus and
mycoplasma, as these have been shown to have profound influences on the central nervous system and
inflammatory activation.'*” Other conditions which contribute to mIA must also be identified and
resolved. These factors may include leaky gut, stress, periodontitis, dysbiosis and parasite infections. A
comprehensive stool analysis which looks at both commensal and potentially pathogenic bacteria can
give the practitioner a deeper view of the microbiota and maternal immune system. Please see the
section on recommendations, below, for specifics. For further instruction and training on identifying
adult infections that contribute to autoimmune, Alzheimer’s disease, Parkinson’s disease and more, |
refer the reader to www.infectionconnection.com.

Pollutants and Xenobiotics

Another important epigenetic factor in fetal development includes pollutants and heavy metals. It is
beyond the scope of this article to delve into the plethora of evidence linking mercury, arsenic, lead,
phthalates and PDBEs to altered growth, brain and metabolic trajectories of offspring. However, in
dealing with the inflammatory milieu of the mother, this topic must be investigated by the practitioner.
Studies in both North America and Europe have confirmed that a higher exposure to pollutants, mainly
from car exhaust and other polycyclic aromatic hydrocarbons, is associated with impaired
heurocognitive development and even autism.* Proximity of mothers to a freeway and exposure to
pollutants is positively associated with ASD after adjusting for numerous other variables.'*® Pesticides
and herbicides are now being recognized as a contributor to neurological deficits in offspring such as
autism, schizophrenia and learning and behavioral disorders.’° In the latest study, living within a
relatively close proximity to pesticide applications (such as organophosphates, chloropyriphos, and
pyethroids) increased the odds ratio of having a child with ASD by an unmistakable 60%. The exposure
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windows which seemed most associated with ASD or developmental delay were preconception (within
three months of pregnancy) and the second and third trimester, depending on the pesticide involved.
Understanding the mechanisms of pesticide action makes it easier to understand how pesticides
damage fetal brain development. Most pesticides are neurotoxic and readily cross the placental barrier.
They work on the CNS in many different ways: from inhibition of acetylchline esterase, to increasing
gamma amino butyic acid (GABA) which is both an inhibitory neurotransmitter and a growth factor in
the developing brain.'® Agricultural use of pesticides is not the only cause of exposure. Many urban and
densely populated cities and towns across the US use pyethroids for control of mosquitos and other
insects. Residential exposure is a concern and steps may need to be taken to eliminate this type of
widespread use.

Research has started to elucidate vulnerable subsets of individuals who show even greater statistical
significance between exposure and neurotoxic effects.’! In fact many studies are now linking
medication exposure, either maternally or in the infant, to greater risk of ASD. Acetaminophen use by
mothers or administered to a child postnatally may increase production of toxic metabolites in children
with impaired detoxification SNPs.?? Given the widespread use of acetaminophen by mothers during
pregnancy and also the practice of administering it prophylactically to children during vaccination, this
association seems to make sense when viewed in light of genetic susceptibility. It is conceivable that one
day soon most children will be tested for genetic vulnerabilities. Until then, it may prove beneficial to
limit its use.

The most vulnerable subsets of children are those with impaired detoxification and methylation SNPs.
Those mother-children pairs will likely benefit the most from increased methyldietary nutrients and
avoidance of pollution, as well as nutrient supplementation with glutathione precursors N-acetyl
cysteine and lipoic acid. Detoxification must happen preconcepetually as releasing pollutants and heavy
metals during pregnancy is detrimental, highlighting the need for early pre-pregnancy assessment and
intervention.

Endocrine Disruptors

BPA, phthalates and many other chemicals found ubiquitously are known endocrine disruptors (EDs)
and are found in human amniotic fluid, breast milk, cord blood, placenta and semen.'* These EDs have
a myriad of effects on the hormonal status of both adults and children and have been linked to many
adult diseases such as thyroid disruption, prostate and breast cancer, diabetes, obesity, CVD, asthma,
infertility, ADHD, autism and dementia.*®1%° However, their effects on fetal development and infertility
have only recently been the focus of scientific research. There have been several articles and books
written in the last 30 years,'%%12 on this topic, but not until a recent boom in research has it become
clear just how damaging these EDs can be for the lifelong neuroendocrine health of offspring if exposed
in utero. The research on BPA and other chemicals is complex and controversial, and a deeper look into
the nuances of toxicology and development would exceed the scope of this article. However, it is clear
that the risk to fetal development is real and the scientific community is building consensus that these
chemicals are indeed extremely harmful to fetal development and the long-term health of future
generations, especially at low doses that reflect common everyday exposure.

Bisphenol-A (BPA) acts as a xenoestrogen and therefore can influence the function and structure of fetal
endocrine and brain tissue. It is known that BPA readily crosses the placental barrier and is inversely
associated with birth weight.®® Furthermore, because BPA is an estrogenic compound, it may have
different effects on males and females. In females, fetal exposure appears to increase life-long risk of
breast cancer.1®*1% |n a recent study, Watkins et al. found that in utero exposure to BPA and phthalates
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is associated with earlier age at menarche which is itself a risk factor for later breast cancer.'®® The age
of menarche has been decreasing for decades and it is believed that EDs are the main culprit. The
authors summarize their findings by saying that efforts to control exposure of phthalates in utero should
be a high priority. In addition to age at menarche, higher levels of testosterone, estrogen and certain
estrogen receptors were also found which explains why many studies have also found a link between in
utero and postnatal exposure to ED chemicals such as PDBEs, PFOAs and dioxins (now termed
obesogens for their ability to disrupt leptin and other adipose tissue signaling), and low birth weight,
neurological developmental delays and later development of depression, adiposity and diabetes.1%717°

In males with in utero exposure to EDs, testes development is inhibited, contributing to later
reproductive dysfunction, and exposure is also linked to the rise of hypospadias and other reproductive
disorders.!”! Since testosterone production and function in utero is altered with exposure to estrogenic
compounds, the fetal male brain is also uniquely affected and may explain some of the male
predominance of autism, learning disabilities and ADHD.'’2 Since both testosterone and estrogen are
needed for proper neurological development and both act as trophic factors for synaptogenesis and
neurotransmitter metabolism, it is no wonder that exposure to BPA, phthalates, PCBs and other
chemicals have all been found to affect both male and female brain development and subsequent
cognitive and behavioral disorders including ASD, ADHD, lower 1Q, anxiety and depression.’>1”> These
changes in brain morphology appear to not only last throughout the lifetime of the offspring, but may
be passed down to subsequent generations — even without further exposure to BPA or other
chemicals.'’® Reducing exposure to these potentially harmful chemicals is of paramount importance for
fetal and reproductive health.

Maternal Antidepressant Use and Altered Fetal Growth

Another class of medications getting some attention for its role in epigenetic influences on fetal
development is antidepressants. Given their widespread use during the perinatal period, evidence
linking this class of medications to altered fetal growth will be important in shaping future
recommendations. Indeed, much evidence is surfacing that these medications may have unwanted
consequences to the fetus.> The majority of effects to the fetus appear to be short- and long-term
motor and language development. In utero exposure to either selective serotonin reuptake inhibitors
(SSRI) or monoamine oxidase (MAOI) inhibitors increases the risk for ASD three-fold.?>* It is true that
untreated depression also poses a risk to the fetus, but it appears that taking antidepressant has far
worse effects on the fetus. Given the multitude of natural and safe treatments for depression (such as
EFAs, SAMe, methyl folate, St. Johns Wort, etc.), it may be prudent to advise women on the alternatives
and risks of all available treatment options.

Thyroid

Perhaps the greatest single hormonal influence on fetal development is thyroid hormone, which
drives nearly every component of cell division and metabolism of every organ and cell in utero. The
implications of even minor perturbations in thyroid hormone on fetal development and long term health
outcomes are only now being elucidated. This is a very large topic and will only be briefly mentioned
here due to limitations in space. However, the reader is highly encouraged to look at the growing body
of evidence showing the thyroid as the primary hormone in neurological and organ development, and if
altered even slightly, will have serious implications for fetal development.t’’-182 |t is imperative that a full
functional medicine evaluation of the thyroid be done on all persons of reproductive age before
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pregnancy by checking TSH, free and total T3, free and total T4, reverse T3 and thyroid antibodies (see
recommendations below).

The greatest need for thyroid hormone is in the first eight weeks of development and most women of
reproductive age have some level of thyroid dysfunction'®, This may be mediated through iodine
deficiency, infection, autoimmune factors, stress, inflammation and oxidative damage. It is considered
by this author and many functional medicine practitioners to be malpractice if a full thyroid workup is
not done on all patients, especially the pre-pregnant population.

Recommendations for Improving Fetal Epigenetics and Offspring Outcomes

Most women do not take supplements before learning they are pregnant which leaves the fetus in the
first four to six weeks of life without adequate nutrition in many cases.** As discussed previously, this is
perhaps the most critical time window for ensuring healthy fetal outcomes and subsequent adult health.
Furthermore, it is frequently the case that lifestyle changes are not made during this critical window,
further adding to the negative impact of the fetal exposome. Given what is known so far about the fetal
origins of childhood and adult diseases, it seems that there is no longer time to waste in raising
awareness, changing lifestyle habits and administering proper testing and individualized
supplementation when needed. The costs of doing preconception planning and supplementation are
infinitesimally small compared with the cost of complicated pregnancies and altered fetal
development, and the lifetime cost of diseases such as obesity, autism, behavioral and learning
disorders, asthma, cardiovascular disease and more. The consequences of waiting until scientific, public
and medical consensus is reached seems foolish and may have devastating consequences, since this may
not happen for quite some time, if at all. The risk — benefit analysis of increasing supplementation,
changing dietary and lifestyle habits and improving preconception planning and care, are much in the
favor of aggressively targeting these risk factors —now — which are relatively easy to detect and modify.

Beneficial therapeutic intervention and education of parents-to-be is not much different than testing
and treating any person that walks into a functional or alternative medicine office: it simply involves a
full functional medicine workup and evaluation, treating the root causes of what is found and getting
that person as healthy as their circumstances will allow. What is different is that they themselves are not
the only patients being treated, but rather all the future generations are receiving treatment as well.
The health of parents-to-be has the potential to either create or devastate life, depending on their
choices and the clinician’s expertise.

Much of the rationale for the following recommendations has been given in the preceding pages. This is
meant to serve as a guide for the practitioner and to aid the implementation of practical clinical services
which could very well turn the tide of the epidemic childhood and adult disorders which have their
origin in the very beginning of life. It is important to note that the above information and following
recommendations are also extremely useful in addressing fertility and egg and sperm quality as many
of the same factors affecting fertility also affect fetal development.

Raising Awareness

Simply opening up dialogue with patients of reproductive age is important. It is essential to help people
understand that what they are doing before they get pregnant may have the greatest impact on the
lifelong health of their yet to be conceived child. Increasing understanding that some of the most
devastating childhood and adult diseases may indeed be prevented with simple dietary, lifestyle and
supplementation modifications may go a long way towards motivating individuals to take charge of their
health and the health of their future offspring. This may be compelling even for adolescents, who often
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do not think about the consequences that their actions may have on themselves, let alone their unborn
children.

Lab Testing

Simple lab testing can highlight nutrient deficiencies, inflammatory states and even clinically silent
autoimmune tendencies, which may have significant impacts on the fetus and which need to be
addressed before conception. The following is suggested as a preconception panel and has been used in
the author’s clinic for many years. If the reader is not proficient at reading blood chemistry from a
functional medicine standpoint, it is highly advisable to consult with one who is. Reading blood
chemistry and seeing potential problems takes more than a superficial understanding of each analyte
being tested, and merely depending on computer-based programs to interpret results may lead to many
under-, over- or mis-diagnoses. As always, lab results must be interpreted together with history and
physical findings.

Comprehensive Blood Chemistry

A comprehensive blood chemistry test should include:
1. CBC w/diff - to check for overt/covert infections; micro or macro-cytosis of RBC morphology
heralding methylation abnormalities, iron or B12 deficient anemias, platelet production which
could cause abnormal bleeding and predict complicated pregnancies, parasite infection, and
more)
2. CMP 24 - to check multiple organ function such as kidney, liver, gallbladder, pancreatic and
heart function. Blood sugar handling abnormalities should be suspected with fasting blood
glucose over 90. Also, HA1c should be checked and brought to within an optimal range of 4.9-
5.4 for pregnancy. This can be tested instead of an oral glucose tolerance test (OGTT) which may
actually harm the fetus due to advanced glycation endproduct formation and insulin spike.
3. Lipid panel to include total cholesterol, LDL, HDL, VLDL and apoAl.
4. Inflammatory and Methylation markers such as hsCRP, Ferritin, ESR, IL-6 and Homocysteine.
Hcys may represent the simplest, most economical and most modifiable risk factor in all of
preconception evaluations. Due to its importance, it is this author’s belief that every pregnant
woman should have their Hcys tested routinely before and during pregnancy.
5. Iron status (serum iron, percent saturation, ferritin and total iron binding capacity).
6. Thyroid panel to include TSH, free and total T3 and T4, reverse T3 and T 3 uptake — which
may be used to asses PCOS, insulin resistance or other issues affecting sex hormone binding
globulin such as estrogen or liver dysfunction.
7. Urinalysis with microscopic examination — may be able to detect asymptomatic urinary tract
infections which may need to be addressed before pregnancy. May also detect early kidney
stone formation more accurately than just a dipstick test.

Comprehensive Stool Analysis

A comprehensive stool analysis should be performed to check for parasites, dysbiosis, inflammatory
states, malabsorption and leaky gut, all of which can have significant impact on nutrient, immune and
inflammatory status. Correcting commensal microbiota imbalances before or during pregnancy is
proving to be one of the most important ways to influence fetal development and lifelong health of
offspring. Please see above section on microbiota and fetal development.

Heavy Metals and Porphyrins
As discussed above, heavy metals pose a significant threat to fetal health. Addressing heavy metal and
toxicant burden represents an important therapeutic endpoint for ensuring fertility, egg, sperm and
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offspring quality. This should be addressed at least three to six months prior to conception as it is not
advisable to mobilize and remove heavy metals during pregnancy or lactation.

SNPs

Due to the low cost of genome wide sequencing testing such as 23andme, this may be an option for
more and more people. A special emphasis should be put on interpretation of methylation pathways so
that at-risk populations may be given proper dosages and forms of folate and other cofactors needed for
epigenetic regulation of fetal development. Other companies also offer specific methylation SNP testing
with interpretation and clinical suggestions, making this a good option as well.

Infection

If an infection is suspected on blood chemistry, a history and physical may further guide infectious
disease investigation. The most commonly tested for and found in many functional medicine offices are
Lyme disease, Herpes varieties, EBV, CMV, candidiasis, parasites such as giardia and more.

EFA Ratios
Testing EFA ratios may be very useful in dosing fish and plant oil supplementation as there appears to be
a wide range of need, and dosing everyone with just fish oils can be just as dangerous as low EFA status.

Hormones

One of the most widely used and beneficial tests for fertility and fetal development are hormone tests
which analyze circadian adrenal function, DHEA, pregnenalone, progesterone and testosterone. Bringing
abnormal findings back into balance with adrenal, hypothalamic and pituitary support is standard in
fertility clinics that stay on top of current research and practices. Again, what is positive for fertility also
seems to be supportive of fetal health as well. The use of bioidentical hormones for fertility is
widespread but must be done with an experienced practitioner if continued in smaller amounts
throughout pregnancy. In most cases it is advisable to stop hormonal replacement, with the exception of
very low dose DHEA or pregnenolone when needed. 50-75mg DHEA supplementation has been shown
to reduce miscarriage and chromosomal abnormalities, especially in those with low ovarian reserve or
poor responders to IVF.’¥38 pregnenolone is showing promise as an active growth-promoting
neurosteroid supporting brain development.'®

Nutrient Supplementation Basics

The following information is for informational purposes only. Each practitioner must weigh the
risks/benefits of supplementation with the patient and their specific needs. Many supplements have not
been studied sufficiently to establish their safety during pregnancy. However, the following suggestions
have been used safely in many clinics around the country. It remains the responsibility of the
practitioner to use the information wisely. There are some basic supplements that all women (and men)
may benefit from, including a multivitamin with activated forms of vitamins such as methylcobalamin,
methylfolate, pyridoxyl-5-phosphate (B6) and vitamin K2; a multimineral to include calcium, iron, zinc,
potassium, selenium, molybdenum, etc.; Vitamin D (5-10K IU/day); and EFAs to include Omega 3-6-9
balanced ratios, instead of just fish oils.

In addition to these basics, it may be important to supplement with the following nutrients as these
have been shown to have a good safety profile and beneficial effects on pregnancy and fetal
outcomes:
1. Probiotics with a balance of acidophilus and bifidobacter species. Changing maternal
microbiota is proving to be a beneficial epigenetic modifier.'®’
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2. Coq10: 250 — 1000 mg. Low CoQ10 levels are associated with low birth weight and obstetric
complications.'®® Higher Coq10 levels are associated with improved fetal outcomes.8

3. Lipoic Acid (LA): 500 — 1000 mg. LA or alpha lipic acid (ALA) has been used safely during
pregnancy for neuropathic pain (i.e. sciatica).® It has also been shown to prevent neural tube
defects, prevent beta cell damage from AGE formation, and support brain development of the
fetus.'%1% populations which may particularly benefit from ALA supplementation are older
parents, diabetics, dysglycemic or PCOS, and those with autoimmune tendencies.

4. N-acetyl cysteine (NAC): 500 — 2000 mg. Especially important for dysglycemic mothers. Good
for increasing egg and sperm quality as well as protection of fetus from xenobiotics.96-200

5. Methylation Support: Additional methyl nutrients (mehtylfolate 1-5mg, methyl cobalamin
500-2,000mcg), especially if MTHFR positive, intrinsic factor antibody positive, obese or H. pylori
positive as all of these are associated with diminished absorption/utilization as well as greater
need for methyl nutrients.*7%75 Supporting proper methylation prevents unwanted genes from
being turned on and expressed during fetal development.

6. Bioitin — (100-1000mcg) May be needed in greater amounts than most women are getting.?**
7. L-carnitine — (500-200mg) Carnitine can help improve fertility in PCOS patients as well as
improve lipid status.?°? Carnitine can improve mitochondrial function and support fetal
development, especially in women who are overweight or obese either before or during
pregnancy.?®® As a PPAR-a agonist, it may also improve fetal cardiac development and function,
thus decreasing future susceptibility to cardiovascular disease.?%42%

8. Adaptogens — HPA modulators such as panax ginseng may help limit fetal HPA and endocrine
disruption, especially if the mother is exhibiting heightened stress responses.?%®

9. Anti-inflammatories — Resveratrol, ginger and curcumin are potentially of great benefit to
mothers, especially those who exhibit elevated levels of CRP, LPS, ESR or other inflammatory
markers .27

Relaxation Response for Modulating Stress hormones

Practicing a relaxation technique is one of the most powerful epigenetic modifiers in fetal
development.?® Elevated cortisol levels during fetal development represent one of the most studied
inducers of altered brain growth and later cognitive and behavioral developmental disorders.?%%-13
Practicing yoga or some other relaxation technique during pregnancy changes stress responses and
improves autonomic function of mother and fetus.?'4

Lifestyle

Avoidance of toxic beauty products and household chemicals is paramount to protecting fetal growth.
Exercise every day is essential, involving a balance of some cardio, weights, stretching and core work,
which can assist with a smooth delivery. Social support is also positively associated with lowered cortisol
levels and improved fetal outcomes.?*

Maternal Diet and Weight Gain

As mentioned above, a high-fat maternal diet independently raises inflammation and alters fetal
outcomes. Chatzi et al. provided evidence that a strict adherence to a Mediterranean diet provided
offspring with lower risk of atopy, wheeze and adiposity later in life.1°22% There is no need for calorie
increase until the third trimester as maternal weight gain is associated with offspring obesity, altered
leptin signaling, CVD risk and altered brain development.3”#>21¢ A gluten-free diet also lessens the risk
for offspring leaky gut, LPS formation, hypersensitivity and altered fetal growth trajectories.?” There is
emerging evidence that increased intestinal permeability begins in utero due to maternal stress, diet
and infections.?!® Therefore, treating the mother’s gut is of paramount importance.
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Postnatal Influences

Careful for Catch-up Growth

As mentioned above, it may be more beneficial to curb catch-up growth rather than encourage
unrestricted weight gain in LBW or SGA babies, which is what is currently promoted in obstetric offices
around the world. For extremely LBW or SGA babies, gaining weight is important. However, rapidly
crossing centiles is associated with later risk for obesity, diabetes, CVD etc.31#3

SNP Testing
Child SNP testing post natal for possible additional need of methyldietary nutrients. Testing an infant for

MTHFR SNP’s and glutathione status may elucidate subpopulations at risk for toxicant-related
neurological damage.

Breastfeeding
While breast feeding, some children may benefit from additional supplementation of methyldietary

nutrients as breast milk, even if the mother is supplementing, may not be enough to provide optimal
levels of some nutrients.*

Conclusion

Childhood and adult disease begins in utero. The fetal exposome imparts permanent changes to fetal
DNA and organ function with lifelong consequences. It must be understood that the rise in childhood
and adult diseases such as autism, diabetes, obesity, CVD and cancer are not just a product of later-life
influences or simply genetic in cause. Rather, pathogenesis begins even before conception, in the
maternal and paternal environment. If we want to improve the health of our society, it must begin with
improving egg, sperm and fetal quality. Simple changes can be made in diet, lifestyle and nutritional
status that will have unprecedented positive effects on current and future generations. It is clear that if
we want healthy babies to grow up to be fully functioning and productive adults, then implementation
of simple yet powerful dietary and lifestyle modifications should be offered to those of reproductive
age. It begins with opening a dialogue and increasing awareness and understanding about the
developmental origins of health and disease. The future can indeed be much brighter if the promise of
individualized, personal medicine can be applied to our current and future parents-to-be. This will allow
identification of at risk populations which would benefit from early intervention. Public policy and
practitioner standards should be adjusted to address the most detrimental fetal programming influences
such as nutrient deficiencies, obesity, inflammation, infection, hormonal imbalances and
toxicant/endocrine disrupting chemical exposures.
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