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Review article

‘Fetal programming’ and ‘functional teratogenesis’:
on epigenetic mechanisms and prevention of perinatally
acquired lasting health risks*

Andreas Plagemann**
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Berlin, Campus Virchow Klinikum, Berlin, Germany

Abstract

Alterations of the intrauterine and early postnatal nutri-
tional, metabolic, and hormonal environment may cause
predispositions to the development of disorders and dis-
eases in later life. Mechanisms responsible for this peri-
natally acquired ‘malprogramming’ still remain unclear. It
has long been known, however, that hormones are envi-
ronment-dependent organizers of the developing ‘neuro-
endocrine-immune network’, which regulates all
fundamental processes of life. When present in non-
physiological concentrations during critical ontogenetic
periods, hormones can therefore also act as ‘endoge-
nous functional teratogens’.

Fetal and neonatal hyperinsulinism is a pathognomic
feature in the offspring of diabetic mothers. Perinatal
hyperinsulinism also occurs due to early postnatal over-
feeding. Data obtained by our group indicate that ele-
vated insulin concentrations during critical periods of
perinatal life may induce a lasting ‘malprogramming’ of
neuroendocrine systems regulating body weight, food
intake, and metabolism. Similar characteristics may
occur due to perinatal hyperleptinism, hypercortisolism
etc. Since mechanisms of early ‘programming’ of obesity,
diabetes, and the metabolic syndrome X are unclear, a
complex ‘neuroendocrine malprogramming’ of the regu-
lation of body weight and metabolism may provide a
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general etiopathogenetic concept in this context, exem-
plarily revealing critical new implications for chances and
challenges of perinatal preventive medicine in the future.
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Introduction

During recent years, the role of the intrauterine and early
postnatal environment in the lasting determination of fun-
damental processes of life has been more and more
accepted. Especially, investigations and hypotheses by
the groups of Hales and Barker led to the postulation of
a so-called ‘small-baby-syndrome’, which was explained
by a ‘thrifty phenotype’, acquired by ‘poor fetal nutrition’
w2, 17x. This concept has mainly contributed to world-
wide attention to the phenomenon of early epigenetic
conditioning, and terms like ‘nutritional programming’ or
‘imprinting’ were proposed to describe it.

However, as illustrated in Figure 1, these concepts and
observations are not so new w1, 3, 6–9, 13, 15, 16, 22,
24, 25, 40, 45, 49x. For instance, as early as 1979 Norbert
Freinkel and Boyd Metzger postulated the concept of
‘fuel-mediated teratogenesis’ of lasting deleterious con-
sequences resulting from fetal exposure to a diabetic
intrauterine environment w15, 16x. In the same year, Leo-
na Aerts and Andre Van Assche from Belgium provided
fundamental experimental evidence for this assumption
w1x. To the best of my knowledge, however, it was Günter
Dörner who was the first (1974) to postulate a general
etiological concept on ‘epigenetic’, perinatal ‘program-
ming’ of the lifetime function of fundamental regulatory
systems and, thereby, also of possible disorders and dis-
eases throughout later life w6–8x.

In the early 1970s in a series of clinical as well as
experimental studies he demonstrated that especially
hormones are environment-dependent organizers of the
neuroendocrine system (Figure 2), which finally regulates
all fundamental processes of life. When present in non-
physiological concentrations, induced by alterations of
the intrauterine and/or early postnatal environment, hor-
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Figure 1 Historical summary of establishment and concept for-
mation as well as of younger, partial reflections of the general
developmental principle of perinatal, epigenetic ‘programming’
of ontogenesis.

mones can therefore also act as ‘endogenous functional
teratogens’ by ‘malprogramming’ the ‘neuro-endocrine-
immune network’, leading to developmental disorders
and diseases throughout life. This means, that the clas-
sical science of ‘teratology’ as the discipline of exoge-
neously induced macroscopic malformations w40x should
be supplemented by the science of ‘Functional Teratol-
ogy’ as the discipline of perinatally acquired malfunctions
w7x. Acting as critical endogenous effectors which trans-
mit environmental information to the genome, hormones,
neurotransmitters, and cytokines (as immune cell hor-
mones) may play a decisive role in these processes. For
instance, it is well-known and long-known that early
overstimulation of the hypothalamic-pituitary-adrenal
axis (HPA), in particular when induced by stress or
immune challenges in perinatal life, may lead to lasting
hyperactivity of the HPA, as it was shown especially by
Michael Meaney and colleagues in an impressive series
of experimental studies w14, 26x. Thus, one could say that
hypercortisolism in early life may predispose to hyper-
cortisolism throughout life. Similar observations were

made for the impact of early sex steroid levels on repro-
ductive functions.

‘Perinatal programming’ and ‘functional
teratogenesis’ by maternal diabetes during
pregnancy

With regard to these observations on hormonal ‘self-pro-
gramming’ by steroid hormones it should be noted that
also pancreatic insulin secretion as well as, e.g., food
intake and body weight are decisively regulated by cen-
tral nervous structures, particularly in the hypothalamus
w20, 46x. It is noteworthy that, elevated insulin levels in
fetal and perinatal life are pathognomic in children of
mothers with diabetes during pregnancy (type 1 diabe-
tes, type 2 diabetes, gestational diabetes), affecting, e.g.,
about every 10th pregnant woman in Germany w21x. Epi-
demiological and clinical evidence has been accumulate
from a variety of authors, like Norbert Freinkel and Boyd
Metzger, David Pettitt and Dana Dabelea, Peter Weiss
and colleagues w4, 15, 16, 29, 42, 50x as well as from our
own group w9, 11, 12, 19, 32, 33x, showing that offspring
exposed to maternal diabetes in utero are at increased
risk of becoming obese and developing diabetes them-
selves. Most interestingly, in these studies it was clearly
shown that this acquired disposition may occur even irre-
spective of the genetic background but seems to
depend, at least in part, on the fetal insulin levels and
perinatal hyperinsulinism w9, 19, 42, 50x.

Confirming these clinical observations on the critical
role of perinatal insulin levels for a lasting ‘malprogram-
ming’, even independent of birth weight w19x, experimen-
tal evidence accumulated showing that fetal and
neonatal exposure to maternal diabetes may predispose
to overweight and diabetes in later life. Interestingly, in
rats w9, 12, 18, 28, 30, 31x and even in rhesus monkeys
w44x a lasting deleterious impact of fetal or neonatal insu-
lin treatment could be demonstrated on the later risk of
becoming overweight and developing diabetes and alter-
ations typical for the metabolic syndrome X.

With regard to hormones as dose-dependent self-
organizers of their own neuroendocrine regulatory sys-
tems we therefore hypothezised that insulin itself, when
occurring in elevated concentrations during critical peri-
natal periods of development, may contribute to a lasting
‘malprogramming’ of neuroendocrine systems regulating
body weight and metabolism. In this respect note that
insulin is an important modulator of central nervous
development and growth. The ‘early experience’ of ele-
vated insulin concentrations during ‘critical periods’ of
neural coding might therefore lead to a ‘malprogram-
ming’ of central nervous regulators of body weight and
metabolism. To experimentally investigate this working
hypothesis, we used and created different models of
perinatal hyperinsulinism, namely offspring of diabetic
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Figure 2 General basic principle of ‘biocybernetogenesis’ of homeostatic regulatory systems of the organism, exemplified here by
the ‘hypothalamo-pancreatic’ subsystem of metabolic regulation (adapted to Dörner w6, 8x). During critical phases of perinatal ‘pro-
gramming’ of the brain and ‘neuro-endocrine-immune network’, primary linear, open-loop regulatory systems develop to secondary
closed, cybernetic feedback control systems (transformation rule). In these processes of ‘self-organization’ the functional ranges (‘set-
points’) of central regulators are preprogrammed by the primary quantity of hormones (e.g., insulin) as the secondarily regulated
variables, which thereby act as ‘ontogens’ adjusting their own regulatory systems for life-time functions (determination rule).

mother rats, neonatally insulin treated rats and neonatally
overfed rats.

In the first model (streptozotocin-treatment on the day
of conception in genetically indifferent mother rats), the
typical perinatal hyperinsulinemia occurred in the off-
spring of gestational diabetic mothers w9, 12, 34–36x.
Crucial for our hypothesis was the observation that,
indeed, hyperinsulinemia was accompanied by an ele-
vation of insulin concentrations within the hypothalamus
in perinatal life w34x. This is not self-evident, since the
blood-brain-barrier is characterized by a saturable trans-
port system for insulin. However, during fetal and early
postnatal life, these mechanisms are not yet mature
thereby obviously allowing increased insulin leakage from
the circulation into the hypothalamus. During further life,
lasting into high adult age, the offspring of gestational
diabetic mother rats were characterized by hyperphagia,
overweight, and impaired glucose tolerance w9, 12, 36x.
All of these findings were accompanied by persisting
basal hyperinsulinemia. That means, that the ‘experi-
ence’ of hyperinsulinism in early life obviously led to
hyperinsulinism throughout life.

In female F1 offspring, this perinatally acquired adi-
pogenic and diabetogenic disposition resulted in spon-
taneous gestational diabetes during their own
pregnancies, after mating with normal males. Conse-

quently, the F2 offspring developed perinatal hyperinsu-
linism, accompanied again by basal hyperinsulinemia
and impaired glucose tolerance in later life. The same
occurred in the maternal-side F3 generation w9, 12x.
These observations strongly suggest for an ‘epigenetic’
non-hereditary mode of transmitting acquired ‘malpro-
gramming’ materno-fetally over successive generations,
mediated intergeneratively by the intrauterine environ-
ment provided by maternal diabetes to the next gener-
ation in each case.

‘Malprogramming’ of the hypothalamus by
perinatal hyperinsulinism

All these findings were also observed in neonatally sub-
cutaneously insulin-treated rats w9, 12, 19x. Therefore, we
wondered whether a long-term adverse effect explicitly
caused by exposure of the hypothalamus to elevated
insulin levels during critical developmental periods really
exists. To investigate this, insulin was applicated only and
directly into the mediobasal hypothalamus of newborn
rats. By means of stereotactic operation a long-acting
insulin was applicated, while in the control groups the
same volume of the insulin-free, indifferent agar-vehicle
was given w30, 31x. In vitro studies revealed insulin

http://www.reference-global.com/action/showImage?doi=10.1515/JPM.2004.055&iName=master.img-001.jpg&w=442&h=264


300 Plagemann, Fetal programming and functional teratogenesis

Figure 3 Exemplary mechanisms of perinatal neuroendocrine ‘malprogramming’. An only temporary hyperinsulinism during critical
periods of development may result in: (A) persisting dysplasia and impaired function of the hypothalamic ventromedial nucleus (VMN),
a central nervous regulator and inhibitor of food intake and pancreatic insulin secretion (LHA – area lateralis hypothalami), as well as
(B) persisting resistance to the peripheral, circulating satiety signals insulin and leptin in orexigenic hypothalamic regulatory systems
which basically stimulate food intake (NPY – neuropeptide Y, GAL – galanin).

release from the implants over a period of four days.
Implants were topographically placed immediately neigh-
boring the ventromedial hypothalamic nucleus (VMN),
which is well known to inhibit food intake as well as pan-
creatic insulin secretion, and the lateral hypothalamic
area (LHA) which stimulates food intake and insulin
release w46x.

When these rats were followed up into adult age excit-
ing data were obtained, in animals intrahypothalamically
insulin-treated on their 2nd or 8th day of life w30, 31x.

Beginning at the latest at the age of 3 weeks, i.e. at the
end of the critical hypothalamic differentiation period,
neonatally intrahypothalamically insulin-treated rats
became obese, persisting throughout life. Overweight
was accompanied by strongly impaired glucose toler-
ance, an increase in daily mean food intake, and lifelong
persistent basal hyperinsulinemia.

These data clearly indicate that an only temporary,
intrahypothalamic elevation of insulin levels during ‘criti-
cal windows’ of brain development may be a neuro-
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endocrine teratogenetic risk factor. This ‘epigenetic’ risk
factor, as it occurs due to perinatal hyperinsulinemia in
the offspring of gestational diabetic mothers, may cause
a permanent, lifetime disposition to obesity and diabetes
w9x.

The question arises as to which mechanisms might
underlie these phenomena of neuroendocrine ‘malpro-
gramming’. As already mentioned, the VMN is well-
known to inhibit food intake and pancreatic insulin
secretion. We therefore were interested in characterizing
this important hypothalamic nucleus in our experimental
rat models. Computer-aided morphometric analyses
revealed decreased numbers and decreased sizes of
neurons in the VMN of neonatally intrahypothalamically
insulin treated rats, while no morphometric alterations
occurred in the LHA. Moreover, in neonatally subcuta-
neously insulin-treated rats and, most importantly, in the
offspring of gestational diabetic mother rats, exactly the
same alterations were observed, i.e., hypotrophy and
hypoplasia of the VMN, and these at weaning as well as
in adult age w9, 12, 18, 35x.

In conclusion, these observations in three different
models of perinatal hyperinsulinism suggest that a peri-
natally acquired dysplasia of the VMN might contribute
to the development of a disposition to hyperphagia, over-
weight and hyperinsulinemia throughout life. The persist-
ent malorganization seems to be a consequence of
elevated insulin levels during critical periods of early
development (Figure 3).

Interestingly, similar hypothalamic alterations were also
observed in early postnatally overfed rats. At this point
we cannot but ask how all these findings might fit with
the ‘Barker-hypothesis’ on a ‘small-baby-syndrome’ and
‘thrifty phenotype’.

‘Malprogramming’ by perinatal overfeeding

In this context it is noteworthy that there is no doubt
about the crucial etiogenetic role of overweight and obe-
sity in the pathogenesis of the metabolic syndrome X.
Interestingly enough, as early as the mid 1970s, in their
original study Ravelli and coworkers showed that early
fetal undernutrition is associated with becoming obese
later in life, whereas late fetal and early postnatal caloric
restriction, however, led to decreased rates of obesity in
young adults w39x. These observations give rise to the
suggestion that not (only) early fetal undernutrition but
late fetal and early postnatal overfeeding may lead to a
lasting obesity disposition and consecutive metabolic
and atherogenic risks.

Rats reared in small litters have variously been proven
to be an appropriate model to study consequences of
early postnatal overfeeding. While rats reared in small lit-
ters rapidly develop obesity, rats undernourished due to
rearing in large litters become underweight until weaning

w9, 37, 38x. In a variety of studies, overweight in small
litter rats was observed to persist from early postnatal
through juvenile into adult age, although after weaning
standard diet was provided for all groups of rats. Inter-
estingly, already 30 years ago Miller and coworkers dem-
monstrated a strong inverse correlation between the
body fat content in adult life and the neonatally adjusted
litter size in early life w27x.

With regard to our main hypothesis, we first investi-
gated whether both hyperinsulinemia and elevated hypo-
thalamic insulin levels occur also in this animal model of
early neonatal overfeeding and, indeed, similarly to the
offspring of gestational diabetic mother rats, early post-
natally overfed small litter rats displayed not only hyper-
insulinemia but also an increase of intrahypothalamic
insulin concentrations during early postnatal life w37x. In
accordance with other investigators, during further life,
persisting into high adult age, in early postnatally overfed
rats we observed hyperinsulinemia, as well as hyper-
phagia, overweight, an impaired glucose tolerance, and
an increase of systolic blood pressure w37x. Thus, a com-
plex of symptoms characteristic for the metabolic syn-
drome X occurred in neonatally overfed rats.
Interestingly, however, in rats underfed early postnatally
due to nurturing in large litters neither overweight nor
hyperinsulinemia, impaired glucose tolerance or hyper-
tension were observed in later life w9x.

In this context the recent epidemiological data of Nico-
las Stettler are most noteworthy. In a series of impressive
studies in different populations with thousands of partic-
ipants he could clearly demonstrate that rapid weight
gain in neonatal life is associated with increased risk of
overweight and obesity in later life, even independent of
birth weight and weight at the age of 1 year w43x. These
data strongly confirm and expand earlier observations by
Dörner et al. w10x. Rapid early weight gain, however, may
mainly result from neonatal overfeeding.

Further mechanisms of ‘neuroendocrine
malprogramming’

Looking for mechanisms possibly involved in neuro-
endocrine ‘malprogramming’ we were interested in fur-
ther hypothalamic systems involved in the regulation of
food intake and body weight control. Neuropeptide Y
(NPY) plays a key role in these regulatory processes,
especially by acting in the orexigenic arcuate-paraventri-
cular axis. This hypothalamic system consists of NPY-
expressing neurons in the hypothalamic arcuate nucleus
(ARC) which project to the paraventricular nucleus (PVN).
The expression and release of NPY within this axis is
inhibited by circulating insulin and leptin, while fasting
and a decrease of insulin and leptin lead to an activation
of the NPY system, thereby stimulating food intake, par-
ticularly w20x.
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In our experiments w37, 38x, as expected, hyperinsuli-
nemia and obesity in small litter rats were associated with
a strong increase of leptin concentrations, while the
hypoinsulinemic, underweight rats reared in large litters
displayed decreased leptin levels. As further expected,
hypoleptinemia, hypoinsulinemia and underweight in ear-
ly underfed rats were accompanied by a physiological
stimulation of the hypothalamic NPY system, indicated
by an increased number of NPY neurons in the ARC and
increased levels of NPY in the PVN. Most importantly,
however, in the neonatally overnourished obese rats,
characterized by elevated insulin and leptin levels, no
decrease and suppression of NPY was observed, but
increases in both the number of NPY neurons in the ARC
as well as in the NPY concentrations in the PVN occurred
w38x. In our opinion, these findings strongly indicate a
‘malorganization’ and ‘malprogramming’ of the hypotha-
lamic NPY system, induced by overfeeding during the
‘critical period’ of early postnatal life. An acquired hypo-
thalamic resistance to the circulating satiety hormones
leptin and insulin could be suggested w37, 38x.

If so, the most important question is whether this
hypothalamic resistance to insulin and leptin may persist
throughout later life. This would strongly indicate a neo-
natally acquired lasting ‘malprogramming’. Therefore, we
investigated the electrophysiological responsiveness to
leptin in arcuate neurons from hypothalamic brain slices
of juvenile as well as adult rats reared in small litters com-
pared to those reared in normal litters, and the following
results were obtained w5x: Although all rats were fed a
standard pellet diet after weaning on the 21st day of life,
early postnatally overfed rats were hyperphagic and
overweight throughout the study period. Interestingly,
persisting hyperphagia and overweight in small litter rats
were accompanied by nearly complete unresponsiveness
of arcuate neurons to leptin. The number of neurons
responding to leptin application with decreased firing
rates was strongly reduced. Despite baseline activity
similar to those in normal rats, arcuate neurons of small
litter rats were not inhibited by leptin w5x. In our opinion,
these data strongly indicate a neonatally acquired per-
sisting hypothalamic leptin resistance in early overfed
rats.

Impressed by these observations, we consequently
wondered whether a ‘malorganization’ of the hypotha-
lamic NPY system also occurs in the offspring of diabetic
mothers. And, indeed, from weaning until high adult age
hyperphagia, overweight and persistent hyperinsulinemia
in the offspring of gestational diabetic mother rats were
found to be associated with a persistently increased
number of neurons expressing NPY in the ARC. Positive
correlations between the number of NPY neurons and
the daily mean food intake as well as relative body weight
were observed w36x.

It is noteworthy, that similar findings were observed,
e.g., with regard to hypothalamic neurons expressing

galanin, a neuropeptide which especially stimulates the
ingestion of fat w34, 36, 37x. Taken together, these exem-
plary observations in different models of fetal and neo-
natal hyperinsulinism and hyperleptinism suggest that a
perinatally acquired ‘malorganization’ of orexigenic neu-
rons in the ARC might contribute to the occurrence of
hyperphagia, overweight, and hyperinsulinemia etc.
throughout later life. These persistent alterations seem to
be a consequence, at least in part, of elevated insulin
and leptin levels during ‘critical periods’ of early devel-
opment. In our opinion, data strongly indicate a perina-
tally acquired, persisting hypothalamic resistance to
insulin and leptin in perinatally hyperinsulinemic and
hyperleptinemic rats (Figure 3).

Summary and conclusions

In summary, maternal diabetes and early postnatal over-
feeding may lead to a complex of syndrome X-like alter-
ations throughout life (Figure 4). Since mechanisms of
early programming of obesity and diabetes are unclear,
a complex ‘neuroendocrine malprogramming’ of the reg-
ulation of body weight and metabolism may provide a
general etiopathogenetic concept in this context. The
association, e.g., between elevated insulin concentra-
tions during early development, and acquired alterations
in hypothalamic regulatory areas might indicate pro-
cesses of disturbed ‘hormone-dependent self-organiza-
tion’ and ‘programming’ of these nuclei. Moreover, a
modified neural coding and the resultant disposition to
obesity and diabetes might be passed on to succeeding
generations in a non-hereditary way, because of the
resultant metabolic/‘diabetic’ alterations resulting in the
maternal intrauterine environment provided in each case
by female offspring during their own gestation to the next
generation, and so on (Figure 4). With regard to the wide-
ly reflected ‘small-baby-syndrome’ and ‘thrifty-pheno-
type-hypothesis’ we additionally would like to propose
that early postnatal overfeeding of underweight new-
borns may substantially contribute to their long-term risk,
a potential mechanism which has rarely been considered
so far in interpretations of the ‘Barker-hypothesis’. Most
importantly, from a clinical point of view all these obser-
vations point to the possibility of primary prevention of a
life-long increased disposition to obesity, diabetes, and
consecutive risks by consequent screening for and treat-
ment of maternal diabetes during pregnancy and by
avoiding early postnatal overfeeding (Figure 4).

Finally, taking a more general view, all these observa-
tions, obtained by a variety of investigators, underline
that what we are is not only determined by our genes but
also by the environmental conditions we experience dur-
ing early life.

In the great majority of cases, e.g., obesity, diabetes,
and critical cardiovascular endpoints are not due to a
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Figure 4 Summarizing, general concept on ‘functional teratogenesis’ and possible primary prevention of a non-hereditary, materno-
fetal transmission of increased dispositions to obesity, diabetes, and metabolic syndrome X, passed on epigenetically to succeeding
generations of the maternal descendence (epigenetic transmission rule w11x).

genetic defect per se but to an interaction or imbalance
between a genetic predisposition, mostly from a poly-
genetic background, and unfavorable environmental con-
ditions. Unfavorable environmental conditions, however,
do not only refer to lifestyle but also to the hormonal and
nutritional conditions ‘experienced’ by the fetus and
newborn during decisive periods of early development

and ‘programming’ of fundamental homeostatic systems
and, thereby, life-time functions and ‘malfunctions’,
respectively, of the organism.

On the other hand, this concept of ‘epigenetic perinatal
programming’ and ‘functional teratogenesis’ is, of
course, not a concept of paragenetic ‘malprogramming’.
Especially with regard to the lasting consequences of
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Figure 5 Proposal of a fundamental extension of the ‘etiopathology’, in general.

deleterious epigenetic influences during ‘critical periods’
of early development there is an important bridge
between classical genetics and ‘epigenetics’ in this field
w23, 41x. In my opinion (Figure 5), particular consideration
in the future of gene-environment interactions during crit-
ical periods of early development may open a wide area
of primary prevention, by integrative approaches on
genetic predispositions and perinatal epigenetic risk fac-
tors promoting lasting ‘malprogramming’ and functional
teratogenesis.
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