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Abstract

Over the past quarter century it has become clear that adult onset chronic diseases like heart
disease and type 2 diabetes have their roots in early development. The report by David Barker and
colleagues showing an inverse relationship between birthweight and mortality from ischemic heart
disease was the first clear-cut demonstration of fetal programming. Because fetal growth depends
upon the placental capacity to transport nutrients from maternal blood, it has been a suspected
causative agent since the original Barker reports. Epidemiological studies have shown that
placental size and shape have powerful associations with offspring disease. More recent studies
have shown that maternal phenotypic characteristics, such as body mass index and height, interact
with placental size and shape to predict disease with much more precision than does birthweight
alone. For example, among people in the Helsinki Birth Cohort, who were born during 1924-
1944, the risk for acquiring colorectal cancer increased as the placental surface became longer and
more oval. Among people in whom the difference between the length and breadth of the surface
exceeded 6 cm, the hazard ratio for the cancer was 2.3 (95% CI 1.2-4.7, p=0.003) compared with
those in whom there was no difference. Among Finnish men, the hazard ratio for coronary heart
disease was 1.07 (1.02-1.13, P =0.01) per 1% increase in the placental weight/birthweight ratio.
Thus, it appears that the ratio of birthweight to placental weight, known as placental efficiency,
predicts cardiovascular risk as well. Babies born with placentas at the extremes of efficiency are
more vulnerable for adult onset chronic diseases. Recent evidence suggests that placental growth
patterns are sex specific. Boys’ placentas are, in general, more efficient than those made by girls.
Another recent discovery is that the size, shape and efficiencies of the placenta can change over
years of time with very narrow confidence limits. This suggests that the growth of the placenta
within a population of women is strongly affected by their nutritional environment. Even though it
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is known that an individual placenta can expand to improve its nutrient acquisition capacity in the
first 2/3" of gestation, the mechanisms by which placentas grow in response to a specific
nutritional environment are not known. Discovering those mechanisms is the task of the current
generation of scientists. While it may seem obvious that good nutrition is highly important for
women who are pregnant because it supports optimal placentation and fetal development, more
research is needed to determine the mechanisms by which maternal nutrition, placenta growth and
fetal health are related.
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Introduction Fetal Programming

Over the past quarter century the scientific community has gained a new perspective on the
origins of chronic disease which now includes a central role for the placenta. It began when
Professor David Barker’s team reported an inverse relationship between death risk from
cardiovascular disease and birthweight among English men and women.! They found that
term babies born at the 5 Ib end of the birthweight scale had a 3-5 times greater risk for
cardiovascular disease compared to babies born at the 9 Ib pound end. Later, it was
discovered that there is an increasing risk for disease in term babies as their weights exceed
the 9 Ib birthweight at the high end of the birthweight scale.234 The discovery of the
relationship between birthweight and later chronic disease stimulated extensive research
among scientists worldwide and brought to light a new level of understanding regarding
lifelong health in offspring.>:6-10 The mechanism by which compromised development leads
to adult onset disease is called “programming.”

It was the unexpected trends in public health that brought a new urgency to the concept of
programming in the USA. Beginning in the mid ‘90s the prevalence of obesity and type 2
diabetes began to rise in the western world in a dramatic way (http://www.cdc.gov/diabetes/
statistics/prev/national/figpersons.htm). The upsurge in these two interrelated conditions,
plus the ever increasing numbers of people who have uncontrolled blood pressure,!! led
medical scientists to predict that the current generation of young people in the USA are
likely to live shorter lives than will their parents.12 The links between increasing prevalence
of diseases like diabetes and heart disease and early life development are powerful and exist
across mammalian species. Figure 1 shows the relationship between type 2 diabetes or
insulin resistance and birth weight where there is an 8 fold risk for diabetes across the
birthweight scale. The relationship between birthweight and disease risk was so clear cut
that Barker and colleagues estimated that diabetes would be reduced by some 60% in one
generation if babies were born at the lowest risk birthweight and did not cross BMI centiles
in childhood.13

Much of what we understand about placental function has been discovered in animal
models. The field of developmental origins of disease has gained enormous insight into the
biological mechanisms that underlie developmental plasticity from animal studies. Langley-
Evans et al.14 were among the first to demonstrate that rat pups born to dams eating a low
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protein diet during pregnancy had high blood pressure as adults. Dozens of additional
studies using different animal models have revealed the central role of the
placenta.9155.16-18

Under adverse conditions, like poor maternal nutrition or periods of chronic hypoxia, or high
levels of thyroid hormone, or glucocorticoids, the fetus suffers alterations in fetal organ
structures including reduced coronary arterial dimensions,1® low arterial elastin,20:21
reduced endowment of beta cells in the pancreas,2? decreased numbers of nephrons in the
kidney23:24 and changes in brain structure and function.2® The result is increased appetite,
decreased cognitive function, endothelial dysfunction, compromised anti-oxidant protection
systems as well as dyslipidemias.2® The sum of these effects leads to increased vulnerability
for heart disease, diabetes, stroke and obesity for the remainder of an individual’s life.

The Placenta as Culprit

Thus, it is now clear that patterns of growth and accommodations to maternal stress before
birth are a major driver of disease risk in offspring. The relationship between maternal
dietary and tissue sources of nutrients, placental function and eventual embryonic and fetal
growth is complex but not well studied. Nevertheless, because the placenta is the source of
nutrients for the fetus, the provision of nutrients by the mother gives a central place to the
placenta as a driver of adult onset disease.

The role of the placenta can be either active or passive. Low rates of fetal growth are
generally associated with reduced nutrient fluxes across the placenta. Furthermore, a long
list of chronic diseases are associated with specific placental phenotypes.2” The transport of
required nutrients from mother to fetus requires optimal function of a myriad of separate
transport mechanisms including 1) diffusional permeability to blood gases,28-31 2)
transporters facilitating diffusion of glucose and fatty acids,32:33:34 3) active transporters for
amino acids and some ions,34-36 4) vesicular transport systems that regulate the transport of
iron and immunoglobulins and many others.37:38 Thus, each of these processes are known to
be, or thought to be, associated with compromised fetal growth.3°

Maternal Stress and Placental Function

Fetal glucocorticoid levels increase toward the end of gestation in a number of mammalian
species including humans.4? Glucocorticoids are important for the maturation of several
organs before birth including the lungs and heart, which underlies the rationale for
administration of corticosteroids to women at risk for preterm delivery (reviewed by Challis
et al., 200141). However, when maternal levels exceed those found under normal
physiological conditions, as during high levels of social stress, glucocorticoids cross the
placenta and cause reduced fetal growth rates.*2 An exception to the suppression of growth
is found in the heart in which cell proliferation and growth is stimulated by the actions of
glucocorticoids.*3 In most cases of human intrauterine growth retardation both maternal and
fetal concentrations of circulating cortisol are elevated.**4> Ordinarily active cortisol in the
human (and corticosterone in small mammals) is inactivated in the placenta by 113-HSD2
which catalyzes the rapid metabolism of active cortisol and corticosterone to inert, inactive,
11-keto forms. Unfortunately, when maternal levels exceed the rate of inactivation in the
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placenta, active cortisol will cross the placenta and exert programming effects on the fetus.
Thus, either elevated levels of maternal cortisol or reduced levels of placental 113-HSD2
will lead to programming in offspring. Expression levels of 113-HSD2 are down regulated
by a number of factors including sex steroids and hypoxia and upregulated by
glucocorticoids themselves and cyclin AMP (reviewed by Seckl and Holmes, 20076). Such
offspring will have higher resting levels of cortisol as adults*6 and will have higher cortisol
peaks during periods of stress.#”48 Babies who were born small and had high glucocorticoid
levels have elevated risks for chronic diseases later in life including hypertension,
hyperinsulinemia, hyperglycemia and hyperactivity of the hypothalamic—pituitary—adrenal
(HPA) axis.b

Placental Inflammation

There is increasing evidence that in addition to characteristic inflammatory responses to
infectious agents, placental inflammation that derives from maternal conditions such as
diabetes and obesity leads to fetal programming. Acute and chronic inflammation conditions
in the placenta are associated with fetal morbidity and mortality including preterm birth.49:50
In addition to these nicely described categories, there may be milder forms of inflammation
that do not fit easily under current definitions. O’Tierney et al. showed that women who lack
muscle have placentas characterized by elevated expression of pro-inflammatory genes.5! In
this study, expression of interferon- gamma in the placentas of women who had low muscle
mass was elevated, as were a host of placental target genes. However, there was no sign of
classical inflammation in the tissue. For example, neither T cells bearing CD3 markers, nor
B cells (CD20), nor macrophages (CD68) nor neutrophils (CD64) were elevated in these
placentas. The lack of cellular response contrasts placentas from obese mothers where CD68
and CD14 positive cells more than doubled.>2 However, the placental response to the low
muscle mass condition and the augmentation of inflammatory signals associated with
obesity®3 suggest the need for more precise definitions of placental inflammation which are
not characterized by a full blown immune response. This need has been suggested in cases
of systemic inflammatory changes in cancer that stimulate known signaling cascades but
lack the full response seen in local “hot” inflammation where granulocytes accumulate.>*
We hypothesize that the known stressors that lead to fetal programming, including poor
nutrition, toxic social stress and hypoxia, can alter immune function, reduce the actions of
protectants of oxidative stress and lead to a “cold” form of inflammation.>4 Many of the
same signaling pathways, including activation of AP1, NF-kappa B and IRFs, mediate tissue
responses in both hot and cold conditions. We speculate that the cold type of inflammation
is often present in the human placenta and that it mediates a persisting “smoldering
inflammation” in the fetus that makes it vulnerable for chronic disease over years in the
future.

Plasticity of the Placenta

David Barker’s team showed a “U” shaped relationship between cardiovascular death risk
and the ratio of placental weight to birthweight (Fig 2).5° Small placentas bearing large
babies are defined as highly efficient and large placentas bearing small babies are deemed
inefficient. Fig 3 shows the birthweight of some 17,000 placentas from babies born in Saudi
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Arabia according to their placental weight. In the upper left hand quadrant are large babies
born with small efficient placentas; the lower right hand quadrant shows small babies born
with large inefficient placentas. Based on the placental ratios in the UK study,® we can
predict that the efficiency extremes of this population will carry elevated risks for chronic
disease. We also know that boys tend to make placentas that are more efficient than do
girls.26:57 This may explain some of the differences in disease patterns between the sexes
during adulthood.

The regulation of growth of the placenta is not well understood. It is well known that to
grow heavier lambs, farmers placed previously well fed pregnant ewes on poor pasture early
in pregnancy to stimulate growth of the placenta and later returned the ewes to good
pasture.>® Human placentas may also respond to inadequate nutrient delivery by expanding
their tissue mass. Data from non-human primates illustrate the loss of plasticity of the
placenta as a function of gestational age. When the bridge vessels between the two lobes of
the rhesus placenta are ligated, the non-ligated primary lobe is able to compensate by
enlargement.>® But this is only true at mid-gestation and not if the vessels are ligated at or
after 67% of the gestational period. Thus, there seems to be a period of time when the
growth of the placenta responds to the demands placed upon it. When that period is passed,
it can no longer accommodate increasing demands for nutrients. This change in placental
plasticity will influence the fetal response to maternal insults.

Placental Lessons from the Helsinki Birth Cohort

Epidemiological studies demonstrate that a woman’s body composition, including her
relative fat, muscle and pelvic bone masses, are important regulators of placental function
and fetal outcomes.2”-60 These epidemiological associations and others suggest that maternal
body composition affects placentation.81 High BMI is associated with adverse pregnancy
outcomes including preeclampsia, thromboembolism, and gestational diabetes mellitus,52:63
and has detrimental effects on the fetus including macrosomia and preeclampsia.64.65
Furthermore, babies born to obese mothers have a compromised immune system.6

The Helsinki Birth Cohort comprises 13,345 men and women born during 1934-1944,67.68
and an older cohort comprising 7086 people born during 1924-1933.6° The Helsinki Birth
Cohort is a gold mine for placentologists because at the time of birth, midwives and nurses
measured the weights, widths and lengths of all births in Helsinki hospitals during those
periods of time. Among ~6,000 placentas, the lengths exceeded their widths by an average
of 2.6 cm with the difference ranging from 0-21 cm. From these data and others, it is now
possible to link poor fetal growth and/or placental phenotype with’9 metabolic disease and
obesity,”! coronary heart disease,’? heart failure,” sudden cardiac death,>® asthma,’4
osteoporosis,’® as well as cancers including Hodgkin’s lymphoma,’ lung cancer,”” and
colorectal cancer.”® Many examples have not been published.

Placental Thickness is Associated with Sudden Cardiac Death

Among 187 men and 47 women, sudden cardiac death outside the hospital® was associated
with a thin placenta and had a hazard ratio of 1.47 ( C.1. 1.11-1.93) for every g/cm? decrease
in placental thickness. Sudden cardiac death is thought to be associated with excess
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sympathetic tone and subsequent ventricular fibrillation. Thus, one can speculate that an
inadequate placenta, caused perhaps by inadequate trophoblast invasion, compromised
nutrient exchange and the development of the autonomic nervous system.

Chronic Heart Failure is Associated with a Small Placenta

Among 187 people in the Helsinki Birth Cohort of 1934-1944, chronic heart failure was
associated with a small surface area of the delivered placenta.” In people who were born
with a placenta of less than 225 cm? the odds ratio was 1.7 (C.1. 1.1-2.5) compared to
people with larger placentas having a surface area of >295 cm?. Short placental width but
not length predicted the disease also but only in short mothers. Other factors were associated
with heart failure, too. A rapid gain in body mass index between 2 and 11 years of age was
also associated with chronic heart failure, a path of growth that has been associated with
insulin resistance. It appears that the combination of a small placenta and rapid childhood
weight gain leads to poor glucose control which predisposes to heart failure later in life.

Coronary Heart Disease is Associated with 3 Different Maternal/Placental Phenotypes

Among 7000 men born in the Helsinki Birth Cohort during 1934-44,72 those who developed
coronary heart disease were thin at birth and their disease was associated with three different
placental/maternal phenotypes. 1) In short primiparous mothers, the hazard ratio for
coronary disease was related to the difference between the length and width of the placental
surface. 2) In tall mothers whose body mass index was above the median, a small placental
surface predicted the disease (See Table 1). 3) In tall mothers who were thin, coronary heart
disease was related to placental efficiency. The hazard ratio was elevated with an increase in
the placental weight/birthweight ratio. Thus, there was a profound interaction between
maternal phenotype, placental deviation from roundness, placental surface area at delivery
and placental efficiency. These complex relationships suggest a profound interaction
between maternal body composition and placental form and function as suggested by
others.61

Conclusions

The placenta is at the center of the programming universe because fetal growth determines
the degree of vulnerability that a neonate carries for adult onset disease. Stress, poor diet and
hypoxia are major stressors that are mediated by the placenta. When it comes to
understanding the mechanisms which regulate the growth and function of the placenta, we
are stifled by ignorance. We can say with confidence, however, that unless we ensure that
women and their offspring are able to eat healthy diets and generate healthy placentas, we
cannot expect much improvement in the health of US population. Thus, in order to optimize
fetal growth and improve life-long health, it now falls on scientists to study placental
nutrient transport to provide nutritional guidance for future generations.
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Figure 1. Relationship between type Il diabetes and birthweight
Figure 1 shows the relationship between the risk for impaired glucose tolerance or type 2

diabetes and birthweight in 370 men aged approximately 64 years in Hertfordshire UK
(adjusted for body mass index).80 (With permission.)
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Figure 2. Risk of coronary heart disease based upon the ratio of placental weight to birthweight
Figure 2 shows the risk of coronary heart disease based upon the ratio of placental weight to

birthweight in an English population8! Low placental weight to birthweight is defined as
“efficient” and represented by the left hand bars. This “U” shaped curve suggests that
placental efficiencies are related to risk for disease. 8 This relationship has been found in
other studies as well.”® (With permission.)
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Figure 3. High and low efficiency placentas
Figure 3 showing 17,000 live births in Unizah, Saudi Arabia. Boxes show quadrants of high

and low efficiency placentas. Efficiency is the weight of a newborn baby per unit weight of
placenta. Figure 3 suggests that efficiencies at the extremes are associated with chronic
disease. Modified from.83
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Table 1

Coronary heart disease in men born to tall mothers (>160 cm) according to her body mass index (BMI)

Mother’s BMI < 26 kg/m?  Mother’s BMI > 26 kg/m?
Placental weight (g)

HR (95% Cl) HR (95% CI)

<550 0.8 (0.4t01.3) 2.2 (1.3t04.0)

-650 0.9 (0.6 to 1.5) 19(1.2t03.2)

=750 0.8(0.5t01.4) 1.0 (baseline)
p for trend 0.5 0.002

Placental Area (cm?)

<225 1.0 (0.6t0 1.7) 2.2(14103.7)

-255 1.0 (0.6 to 1.6) 1.3(0.8t02.2)

-295 1.1(0.7t0 1.9) 1.7 (1.0t0 2.7)

>295 1.0 (baseline) 1.0 (baseline)
p for trend 0.5 <0.001

Table 1 shows that risks for acquiring coronary heart disease in men depends on maternal stature and body mass index. Among men born in

Helsinki to taller mothers with a high body mass index, low placental weight and surface area were associated with coronary heart disease.”®
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