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Abstract

Obesity and its related disorders are the most prevalent
health problems in the Western world. Using the para-
digm of fetal programming we developed a rodent model
which displays the phenotype of obesity and metabolic
disorders commonly observed in human populations. We
apply maternal undernutrition throughout gestation, gen-
erating a nutrient-deprived intrauterine environment to
induce fetal programming. Maternal undernutrition results
in fetal growth retardation and in significantly decreased
body weight at birth. Programmed offspring develop
hyperphagia, obesity, hypertension, hyperleptinemia and
hyperinsulinism during adult life and postnatal hyper-
caloric nutrition amplifies the metabolic abnormalities
induced by fetal programming. The adipoinsular axis has
been proposed as a primary candidate for linking the status
of body fat mass to the function of the pancreatic B-cells.
We therefore investigated the relationship between circu-
lating plasma concentrations of leptin and insulin and
immunoreactivity in the endocrine pancreas for leptin and
leptin receptor (OB-R) in genetically normal rats that
were programmed to become obese during adult life.
Virgin Wistar rats were time mated and randomly assigned
to receive food either available ad libitum (AD group) or at
30% of the ad [ibitum available intake (UN group).
Offspring from UN mothers were significantly smaller at
birth than AD offspring (AD 6:13 £0-04¢g, UN
4-02£0-03 g, P<0-001). At weaning, offspring were

assigned to one of two diets (a standard control diet or a
hypercaloric diet consisting of 30% fat) for the remainder
of the study. At the time of death (125 days of age),
UN offspring had elevated (P<0-005) fasting plasma
insulin (AD control 1-417 £ 0-15 ng/ml, UN control
2:493 £ 0-33 ng/ml, AD hypercaloric 1-:70 & 0-17 ng/ml,
UN hypercaloric 2-608 £ 0-41 ng/ml) and leptin (AD
control 8-8 & 1-6 ng/ml, UN control 14-32 & 1-9 ng/ml,
AD hypercaloric 15-11 & 1-8 ng/ml, UN hypercaloric
30-18 = 5-:3 ng/ml) concentrations, which were further
increased (P<0:05) by postnatal hypercaloric nutrition.
The elevated plasma insulin and leptin concentrations
were paralleled by increased immunolabeling for leptin in
the peripheral cells of the pancreatic islets. Dual immuno-
fluorescence histochemistry for somatostatin and leptin
revealed that leptin was co-localized in the pancreatic
d—cells. OB-R immunoreactivity was evenly distributed
throughout the pancreatic islets and was not changed by
programming nor hypercaloric nutrition. Our data suggest
that reduced substrate supply during fetal development can
trigger permanent dysregulation of the adipoinsular feed-
back system leading to hyperleptinemia, hyperinsulinism
and compensatory leptin production by pancreatic d-cells
in a further attempt to reduce insulin hypersecretion in the
progression to adipogenic diabetes.
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Introduction

Hyperinsulinism is one of the earliest metabolic indicators
of obesity and type 2 diabetes (Chen ef al. 1997). In the
ob/ob mouse, the primary cause of obesity is due to a
mutation in the ob gene and the absence of circulating
leptin has been postulated to be the missing signal to the
pancreatic islets which normally prevents the hyper-
secretion of insulin (Fehmann et al. 19974, Girard 1997,
Poitout et al. 1998). The presence of functional receptors
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for leptin on insulin-secreting B-cells (Kieffer et al. 1996,
Fehmann et al. 1997b) and the observation that leptin
directly inhibits insulin secretion (Emilsson ef al. 1997,
Ishida et al. 1997) led to the concept of an interrelated
endocrine insulin-leptin feedback system termed the
adipoinsular axis (Kieffer & Habener 2000). In this con-
cept, insulin stimulates adipogenesis and leptin production
in adipocytes whilst leptin inhibits the production of
insulin in pancreatic B-cells. As fat stores increase, rising
plasma leptin concentrations reduce circulating insulin
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levels, thereby directing less energy to the formation of
adipose tissue. When, on the other hand, adipose stores
decrease, falling plasma leptin concentrations permit
increased insulin production, thereby resulting in the
deposition of additional fat. The negative feedback of
leptin on insulin gene transcription and insulin secretion in
pancreatic islets is well established (Ceddia ef al. 1999,
Lupi et al. 1999, Seufert et al. 19994). However, more
recent evidence suggests that defective leptin reception
by pancreatic PB-cells may be a key mechanism for
obesity-associated hyperinsulinism and may contribute to
the pathogenesis of adipogenic diabetes (Seufert et al.
1999b).

Maternal malnutrition during pregnancy has previously
been shown to result in the development of obesity in
offspring (Anguita ef al. 1993, Jones et al. 1995, Jackson
et al. 1996). We have developed an animal model of adult
obesity using the paradigm of fetal programming by
maternal undernutrition throughout pregnancy. The fetal
programming hypothesis proposes that an adverse intra-
uterine environment alters the fetal metabolic and
hormonal milieu, resulting in developmental adaptations
to ensure fetal survival (Barker 1995). If these adaptive
responses, designed for survival in a substrate-limited fetal
environment, persist into postnatal life, it is proposed that
they lead to metabolic and endocrine disorders. We have
recently shown that programmed offspring develop hyper-
phagia, obesity and hypertension as adults whilst hyper-
caloric nutrition amplifies the metabolic and cardiovascular
disorders induced by fetal programming (Vickers et al.
2000). Similar to observations in human obesity, pro-
grammed offspring develop hyperleptinemia and hyper-
insulinism. Hyperleptinemia and hyperinsulinism have
been linked with leptin resistance at the level both of the
hypothalamus and of the pancreatic B-cells — the latter has
been postulated as a key mechanism in the pathogenesis of
adipogenic diabetes mellitus (Kieffer & Habener 2000).
Mechanisms underlying leptin resistance are thought to
include abnormalities of leptin receptors (OB-R) and
post-receptor signaling (Ahima & Flier 2000). While it is
well established that the absence of circulating leptin leads
to obesity, hyperphagia and hyperinsulinism (Sindelar et al.
1999), more recent evidence suggests that dysregulation of
the adipoinsular axis and the corresponding failure of rising
plasma leptin levels to suppress insulin secretion, results in
chronic hyperinsulinism and obesity (Kieffer & Habener
2000).

The aim of this study was to investigate the relationship
between circulating plasma concentrations of insulin and
leptin, and immunoreactivity in the endocrine pancreas
for leptin and OB-R in genetically normal rats that
were programmed to become obese during adult life. Our
data suggest that reduced substrate supply during fetal
development can trigger permanent dysregulation of the
adipoinsular feedback system leading to compensatory
leptin production by pancreatic d-cells in a final attempt
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to reduce insulin hypersecretion in the progression to
adipogenic diabetes.

Materials and Methods

Animal model

Virgin Wistar rats (aged 100 £ 5 days) were time mated
using a rat estrous cycle monitor to assess the stage of estrus
of the animals prior to introducing the male. After
confirmation of mating, rats were housed individually in
standard rat cages containing wood shavings as bedding
and had free access to water. All rats were kept in the same
room with a constant temperature maintained at 25 °C and
a 12-h light:12-h darkness cycle. Animals were assigned to
one of two nutritional groups (n=16 per group): one group
received a standard diet available ad libitum throughout
gestation (AD group); the second group was undernour-
ished receiving 30% of the ad libitum available food of the
standard diet throughout gestation (UN group). Food
intake and maternal weights were recorded daily until
parturition. After birth, pups were weighed and litter size
was recorded. Pups from UN mothers were cross-fostered
onto dams which received AD feeding throughout
pregnancy.

Litter size was adjusted to 8 pups per litter to ensure
adequate and standardized nutrition until weaning.
After weaning, male offspring from AD and UN mothers
were further divided into two balanced postnatal
groups (n=6 per group) to be fed either a standard diet
(protein 19-9%, fat 5%, digestible energy 3504 kcal/kg,
protein energy/total energy 22:7%) or a hypercaloric
diet (protein 28:5%, fat 30%, digestible energy
4922 kcal/kg, protein energy/total energy 22-7%). The
mineral and vitamin contents in the two diets were
identical and in accordance with the requirements for
standard rat diets. At day 125, rats were fasted overnight
and killed by halothane anesthesia followed by decapi-
tation. Blood was collected into heparinized vacutainers
and stored on ice until centrifugation and removal of the
supernatant for analysis. Pancreatic tissue was removed
and stored in Bouin’s solution until processing and
embedding in paraffin. The Animal Ethics Committee of
the University of Auckland approved all animal work.

Immunohistochemistry for leptin

Immunohistochemistry was performed using the avidin-
biotin (ABC) method for immunostaining of paraffin-
embedded sections (Vectastain Elite Kit (Vector
Laboratories, Burlingame, CA, USA), rabbit immuno-
globulin G (IgG), PK-6101). In brief, 4 pm sections were
deparaffinized and treated with 1% H,O, in methanol
for 30 min at room temperature to inhibit endogenous
peroxidase activity. Sections were then washed and
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incubated with 1-5% normal goat serum at room tempera-
ture for 30 min. Samples were incubated for 48 h at 4 °C
with our polyclonal antibody (1:5000) raised against a
synthetic fragment (amino acids (aa) 30—45) of bovine
leptin. After a further washing step, sections were incu-
bated for 2h at room temperature with a biotinylated
secondary antiserum (goat anti-rabbit IgG biotin).
After washing, sections were incubated for 1h at room
temperature with an avidin-biotin peroxidase complex.
Following addition of diaminobenzidine (DAB), sections
were washed and counterstained. Sections were then
dehydrated and mounted with Surgipath (Surgipath
Instruments, Richmond, IL, USA). Normal rabbit
serum and antiserum preabsorbed with excess recom-
binant mouse (rm)-leptin (Crystalchem, Chicago, IL,
USA, #CR-6781) were used as negative controls.

Immunohistochemistry for leptin receptor

Immunohistochemistry for the leptin receptor (OB-R)
was performed using the ABC method for immuno-
staining of paraffin-embedded sections (Vectastain Elite
Kit, goat IgG, PK-6105). In brief, 4-um sections were
deparaffinized and treated with 1% H,O, in methanol for
30 min to inhibit endogenous peroxidase activity. Sections
were then washed and incubated with 5% normal rabbit
serum for 1 h at room temperature. Samples were incu-
bated for 24 h at 4 °C with primary antibody (1:40). Two
leptin receptor antibodies were utilized: (i) raised against
peptides corresponding to amino acid residues 32 to 51
mapping at the amino terminus of the OB-R of mouse
origin and (ii) raised against a peptide corresponding
to amino acid residues 877 to 894 mapping at the
carboxy terminus of the OB-R of mouse origin (cat. #
RDI-RTOBRECPCabg and RDI-RTOBRECONabg
respectively, Research Diagnostics, Inc, Flanders, NJ,
USA). After washing, sections were incubated for 2 h at
room temperature with a biotinylated secondary antiserum
(goat anti-rabbit IgG biotin). After washing, sections were
incubated for 1 h at room temperature with an avidin-
biotin peroxidase complex. Following addition of DAB,
sections were washed and counterstained. Sections were
then dehydrated and mounted with Surgipath (Surgipath
Instruments). Normal goat serum and pre-absorbed
primary antibody with 10-fold excess of peptide antigen
(Research Diagnostics, cat. # RDI-RTOBRECPC-CP
and RTOBRECPN-CP for each respective antibody)
were used as negative controls.

Dual label immunofluorescence staining for somatostatin and
leptin

Following blocking with 5% normal donkey serum (1 h,
37°C), sections were incubated with primary anti-
body (monoclonal, mouse anti-somatostatin, 1:10, Novo
Nordisk, Copenhagen, Denmark) for 1h at 37 °C.
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Following washing in PBS (0-01 M), sections were incu-
bated with donkey anti-mouse IgG-Texas Red for 1 h at
37 °C (1:100, Jackson Immunoresearch Laboratories, Pine
Grove, PA, USA). Sections were washed in PBS, blocked
with 5% normal goat serum for 1 h at room temperature,
followed by incubation for 24 h at 4 °C with anti-leptin
antibody as described above. After washing, sections were
incubated for 2h at 37 °C with goat anti-rabbit IgG
biotin. Sections were then incubated for 1 h at 37 °C with
streptavidin-fluorescein isothiocyanate (Jackson Immuno-
research Laboratories). After washing, sections were
mounted with PBS/glycerol, and examined with an
Olympus UV-visible microscope equipped with exci-
tation filters for Texas Red (568 nm) and fluoroscein
(488 nm).

Radioimmunoassays for insulin and leptin

Fasting plasma insulin was measured by radioimmunoassay
(RIA) as described previously (Woodall et al. 1996) and
validated for measurement of insulin in rat plasma samples
(Lewis ef al. 1999). A double antibody RIA was developed
and validated for measurement of leptin in rat plasma. An
antibody was raised in rabbits against a synthetic fragment
(aa 30—45) of bovine leptin. The standard preparation for
the RIA was rm-leptin (Crystalchem, #CR-6781) used in
concentrations ranging from 0-5 to 20 ng/ml. Samples
were assayed neat or diluted 1:2-1:4 in assay buffer
(0-05 M PBS, pH 7-4 containing 0-1 M NaCl, 0-5% BSA,
10 mM EDTA, 0-05% NaNj). In brief, 100 pl primary
antibody (1:25 000) were added to tubes containing 100 pl
sample or standard. Following incubation for 24 h at 4 °C,
100 ul tracer ("*I-rm-leptin, 20 000 c.p.m. per tube)
were added to all tubes followed by incubation for 24 h at
4 °C. A second antibody was used to separate bound from
free ligands (Breier et al. 1996). Rat plasma samples
showed parallel displacement to the standard curve and
recovery of unlabeled rm-leptin was 1014 £+ 2:7%
(mean +s.e.M., n=26). The half~-maximally effective
dose, EDs,, was 3-7 ng/ml and the intra-assay coefficient
of variation was <5% (all samples were measured within a
single assay).

Plasma glucose concentrations

Fasting plasma glucose concentrations were measured
using a YSI Glucose Analyzer (Model 2300, Yellow
Springs Instrument Co., Yellow Springs, OH, USA).

Statistical analysis

Statistical analyses were carried out using a StatView
statistical package (version 5, SAS Institute, Cary, NC,
USA). Differences between groups were determined by
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Figure 1 Postnatal growth curves of male offspring from weaning until day 120 @, AD animals
fed a control diet; O, AD animals fed a hypercaloric diet; ¥, UN animals fed a control diet; V/,
UN animals fed a hypercaloric diet). Data represent means % sem. with n=6 animals per group.
UN offspring on the hypercaloric diet show apparent catch-up growth in body weight by postnatal

day 125.

two-way ANOVA and data are shown as means & S.E.M.
Statistical significance was accepted at the P<0-05 level.

Results

Maternal undernutrition resulted in fetal growth retar-
dation reflected by significantly (P<0-001) decreased body
weights at birth in offspring from UN dams (AD
6:13 £ 0:04 g, UN 4-0240:03 g). Litter size did not
differ between the two groups (AD 13:6 +£0-6, UN
12:6 £ 1-1). Total body weights on both diets remained
significantly lower in UN offspring throughout the study.
However, by postnatal day 125, programmed offspring
(from UN mothers) on the hypercaloric diet showed
apparent catch-up in body weight and matched the
weights of AD animals fed the control diet (Fig. 1).
Nose-anus lengths were significantly (P<0-05) shorter in
UN offspring at 125 days of age (AD control
196 & 2:8 mm, AD hypercaloric 201 # 4-5 mm, UN con-
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trol 187 £5-7 mm, UN hypercaloric 189 #+2-7 mm).
Postnatal hypercaloric nutrition significantly (P<0-05)
increased body weights as compared with control-fed
animals in both UN and AD offspring (Fig. 1). Food
intake (calories consumed per gram body weight)
calculated over the last three weeks of the study was
increased (P<0-001) in UN offspring and further
increased (P<0-001) by hypercaloric nutrition (AD control
0-18 & 0-003, AD hypercaloric 0-21 £ 0-002, UN control
0-22 £0-:002, UN hypercaloric 0-25 % 0-001). There
were no significant statistical interactions between
programming and diet.

The increase in food intake was paralleled by a signifi-
cant increase in circulating plasma leptin and insulin
concentrations in UN animals and by hypercaloric nutri-
tion (Fig. 2A,B). Fasting plasma insulin concentrations
were significantly (P<0-05) increased by programming
and by hypercaloric nutrition; both effects were additive
but there was no statistical interaction. However, two-way
ANOVA of plasma leptin data revealed a significant

www.endocrinology.org
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Figure 2 Fasting plasma leptin (A), insulin (B), and retroperitoneal fat pad mass (expressed as a percentage of body weight
(BW)) (C) at postnatal day 125 in AD and UN offspring fed the control (Cont.) or hypercaloric (Hyp.) diet postnatally. Leptin:
effect of programming P<0-005; effect of diet P<0-0005; programming and diet interaction P<0-05. Insulin: effect of
programming P<0-05; effect of diet P<0-05. Retroperitoneal fat pad: effect of programming P<0-005; effect of diet P<0-0001.
No interactions were present between programming and diet for either fasting plasma insulin or fat pad weights. Data are

presented as means % SEM, n=6 animals per group.

programming—diet interaction (P<0-05), suggesting that
the programming-induced hyperleptinemia is amplified
by diet-induced obesity. Retroperitoneal fat pad weight
relative to body weight was significantly (P<0-05)
increased in UN offspring, and hypercaloric nutrition
further increased fat pad weight in both AD and UN
offspring (P<0-001, Fig. 2C). Fasting plasma glucose
concentrations were not different between AD and UN
groups fed a standard diet. However, fasting plasma
glucose concentrations were significantly elevated
(P<0-05) in hypercalorically fed offspring, leading to
hyperglycemia in programmed offspring exposed to
diet-induced obesity (AD control diet 7-44 & 0-44 mmol/
I, AD hypercaloric diet 8:82+ 0-42 mmol/l, UN
control diet 8:43 £ 0-48 mmol/l, UN hypercaloric diet
9-19 &+ 0-48 mmol/1).

Immunohistochemistry was performed on three
randomly selected animals per group with a minimum of
six islets examined per animal. The figures shown are
representative examples of all immunohistochemistry
studies for each group presented below. Immunohisto-
chemistry showed that only a few cells were immuno-
positive for leptin in 125-day-old AD offspring fed the
control diet (Fig. 3A). Diet-induced obesity caused a small
increase in cells which were immunoreactive for leptin in
AD oftspring which received hypercaloric nutrition
(Fig. 3B). However, the number of cells showing leptin
immunolabeling was increased in pancreatic islets of rats
which were programmed to become obese as a result of
maternal undernutrition (Fig. 3C). Leptin immuno-
reactivity in pancreatic islets of UN offspring was further
upregulated by hypercaloric nutrition (Fig. 3D and F).
There was an absence of immunolabeling in control
sections incubated with either normal rabbit serum or
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primary antiserum pre-absorbed with excess
(Fig. 3E).

While both fetal programming and hypercaloric nutri-
tion increased immunoreactive leptin localization in the
periphery of the endocrine islet, immunoreactive OB-R
was evenly distributed throughout the endocrine islet and
no difference was observed between any of the exper-
imental groups studied (Fig. 4A, B, D and E). The two
different antibodies for OB-R showed identical results
in immunolabeling for the OB-R (data not shown).
Immunostaining for OB-R was absent following pre-
absorption (Fig. 4C). Using dual label immuno-
fluorescence, leptin and somatostatin were found to be
co-expressed in the periphery of the endocrine islet,
thus strongly suggesting that leptin may be produced by
pancreatic 0-cells (Fig. 5A and B).

leptin

Discussion

Obesity and related disorders are the most prevalent health
problems in the Western world. Although the risk of type
2 diabetes is high in obese subjects, glucose homeostasis
remains relatively normal for long periods of time despite
the development of hyperinsulinism or insulin resistance
and continuation of excessive food intake. The ability to
maintain euglycemia despite increased insulin require-
ments is achieved by increased insulin production
(Echwald ef al. 1999). The metabolic or hormonal mech-
anisms of obesity-associated hyperinsulinism by which the
pancreatic islets attempt to regulate an increased demand
for insulin are unknown.

The adipoinsular axis is a primary candidate for linking
the status of body fat mass to the function of the pancreatic

Journal of Endocrinology (2001) 170, 323-332
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Figure 3 Representative images showing immunohistochemical localization of leptin in pancreatic islets in (A) AD animals fed

a control diet, (B) AD animals fed a hypercaloric diet, (C) UN animals fed a control diet, (D) UN animals fed a hypercaloric
diet, (E) absence of staining in an islet following leptin antibody preabsorption with 10-fold excess of control peptide and (F)
higher magnification of (D). All images are X 250 magnification with the exception of (E and F) which are x 630.

B-cells (Kieffer & Habener 2000). While a number of in
vitro studies have yielded controversial results for the effects
of leptin on insulin secretion (Leclercqg-Meyer et al. 1996,
Ahren & Harvel 1999, Ceddia et al. 1999, Lupi et al.
1999), there is now convincing evidence in vitro and in vivo
that leptin suppresses insulin secretion and gene expression
in pancreatic islets (Emilsson et al. 1997, Poitout et al.
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1998, Seufert ef al. 1999a,b). These studies show that leptin
suppresses insulin production from pancreatic B-cells and
the presence of OB-R on pancreatic B-cells suggests a
functional relationship between circulating leptin and
insulin secretion. Since insulin is adipogenic and increases
the expression of leptin in adipose tissue, the bi-directional
feedback loop between adipose tissue and pancreatic islets

www.endocrinology.org
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Figure 4 Representative images showing (A) leptin receptor (OB-R)

immunoreactivity in an islet of an AD animal fed a control diet, (B)

OB-R immunoreactivity in a UN animal fed a hypercaloric diet, (C) absence of staining in an islet following OB-R antibody preabsorption
with 10-fold excess of control peptide, (D and E) serial sections illustrating leptin and leptin receptor immunoreactivity respectively in a
UN animal fed hypercaloric nutrition. The OB-R antibody shown here maps to the amino terminus of the OB-R. There was no difference
in OB-R immunoreactivity present between the OB-R antibodies used (data not shown). Magnification: x 400.

has been termed the adipoinsular axis (Kieffer & Habener
2000). In this concept, insulin stimulates adipogenesis
and leptin production in adipocytes whilst leptin inhibits
the production of insulin in pancreatic P-cells. As fat
stores increase, rising plasma leptin concentrations reduce
circulating insulin levels, thereby directing less energy to
the formation of adipose tissue. When, on the other
hand, adipose stores decrease, falling plasma leptin con-
centrations permit increased insulin production, thereby
resulting in the deposition of additional fat.

Using the paradigm of fetal programming, we devel-
oped a rodent model which displays the phenotype of
obesity and metabolic disorders commonly observed in
human populations. We apply maternal undernutrition
throughout gestation, generating a nutrient-deprived
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intrauterine environment to induce fetal programming
(Woodall et al. 1996). Maternal undernutrition results in
fetal growth retardation and in significantly decreased
body weight at birth. Programmed oftspring develop
obesity, hyperinsulinism and hyperleptinemia during adult
life, and postnatal hypercaloric nutrition amplifies the
metabolic abnormalities induced by fetal programming
(Vickers et al. 2000). Our animal model is based on a
normal genotype; modifications of environmental factors
within a normal physiological range (i.e. maternal under-
nutrition during fetal development combined with diet-
induced obesity during postnatal life) lead to profound
obesity and dysregulation of the adipoinsular axis.

In the present study, we showed that birth weights of
offspring from UN mothers are significantly lower in

Journal of Endocrinology (2001) 170, 323-332
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Figure 5 Representative light immunofluorescence
photomicrographs showing islets from pancreatic sections labeled
with (A) leptin (fluorescein isothiocyanate, FITC) and (B)
somatostatin (Texas Red). Sections were examined with a
Olympus UV-visible microscope equipped with excitation filters
for Texas Red (568 nm) and fluoroscein (488 nm). Somatostatin
and leptin were co-localized to pancreatic d-cells at the periphery
of the endocrine islet (see arrows for examples). Magnification:

x 600. Islet illustrated is that of an AD animal fed a control diet.
Pattern of co-localization of leptin and somatostatin was identical
in all groups of animals studied.

comparison to the birth weights of offspring from AD
mothers and that the postnatal growth curves are parallel
when both groups of offspring are fed on a standard diet.
However, programmed offspring (from UN mothers)
show apparent catch-up in body weight when they are fed
on a hypercaloric diet. Since body length remains signifi-
cantly lower in programmed offspring and is not altered by
the different postnatal diets, the additional weight gain of
UN group animals on hypercaloric nutrition reflects the
development of profound obesity. The additive effects of
programming and hypercaloric nutrition on retro-
peritoneal fat pad weight observed in the present study
support this notion.

In our present study euglycemia was maintained when
either of the environmental modifications was used alone.

Journal of Endocrinology (2001) 170, 323-332

However, programmed offspring on a hypercaloric diet
developed hyperglycemia which suggests that the elev-
ation in plasma insulin levels was not sufficient to maintain
glycemic control. Fasting plasma insulin levels increased
with increasing obesity, and fetal programming and
hypercaloric nutrition had independent effects which
were additive when both manipulations were combined.
On the other hand, plasma leptin concentrations were
increased to a similar extent by both fetal programming
and by hypercaloric nutrition, and two-way ANOVA
revealed a significant programming and diet interaction
when both manipulations were combined. These data
suggest that the combination of both environmental modi-
fications leads to amplification of hyperleptinemia. Since
Pallett et al. (1997) showed that leptin rapidly inhibits
glucose-stimulated insulin secretion in vitro, we propose
that fetal programming may lead to P-cell dysfunction
which could be induced by hyperleptinemia. Thus,
hyperleptinemia may attentuate insulin secretion so the
hyperinsulinism that is observed is not adequate to control
blood glucose levels. This notion is supported by a recent
report which proposed that in conditions of obesity the
prolonged elevation of plasma leptin levels results in
dysregulation of the adipoinsular axis and a corresponding
failure to suppress insulin secretion (Seufert et al. 19990).
The hyperinsulinism and hyperleptinemia may also be
important determinants in the persistence of hyperphagia
(Ahima & Flier 2000). Further studies are required to
investigate the neuroendocrine circuitry which regulates
food intake in our animal model.

Immunoreactivity for OB-R was evenly distributed
throughout the pancreatic islets. Our observations are
consistent with other publications which describe OB-R
expression in B- and in d-cells of pancreatic islets (Kieffer
et al. 1996, 1997, Leclercq-Meyer et al. 1996). We found
no evidence of differential regulation of immunoreactivity
for OB-R as a result of fetal programming or postnatal
hypercaloric nutrition. However, our present study is the
first report of leptin localization in pancreatic islets. In
programmed offspring, elevated plasma insulin and leptin
concentrations were paralleled by markedly enhanced
immunolabeling for leptin in the peripheral cells of the
pancreatic islets. The immunolabeling for leptin was
further increased by diet-induced obesity. Leptin
immunoreactivity in pancreatic islets was co-localized
with somatostatin indicating that leptin may be secreted
in pancreatic d-cells. We therefore propose that the
up-regulation of immunoreactive leptin in pancreatic
d-cells may have a similar paracrine function on pancreatic
B-cells to that known for somatostatin (Strowski et al.
2000). Since hyperleptinemia can be viewed as an endo-
crine endeavor to reduce insulin secretion through direct
action on pancreatic B-cells (Seufert ef al. 1999b), the local
increase of immunoreactive leptin in pancreatic d-cells,
as observed in the present study, may be a paracrine
mechanism reflecting a further attempt to reduce

www.endocrinology.org



Adipoinsular axis dysregulation and fetal programming

M H VICKERS and others

hypersecretion of insulin. This may be a final attempt by
the adipoinsular axis to break the vicious cycle of leptin
resistance, hypersecretion of insulin, increasing insulin
resistance and the progression to adipogenic diabetes.

In summary our observations of close associations
between immunoreactive leptin in pancreatic islets, a
major rise in circulating insulin and leptin concentrations,
and a large increase in fat mass provides in vivo evidence
for disturbed endocrine communication between adipose
tissue and the endocrine pancreas in the pathogenesis of
programming-induced obesity. Furthermore, our rodent
model is based on environmental modifications, and not on
genetic defects, to induce the postnatal phenotype of
obesity and metabolic disorders commonly observed in
human populations. Our data suggest that a nutrient-
deprived intrauterine environment can trigger permanent
dysregulation of the adipoinsular feedback system leading
to increased adiposity and prolonged elevation of plasma
leptin and insulin concentrations.

Although the present study cannot resolve whether the
primary defect is in fat accumulation, leptin signaling or
insulin signaling, the hyperleptinemia and hyperinsulinism
observed in offspring from UN mothers may be a mech-
anism induced by the experience of a nutrient-deprived
intrauterine environment to store large quantities of
triglycerides when food is plentiful. Thus, concomitant
hyperleptinemia and hyperinsulinism would create a com-
petitive advantage in preparation for a nutrient-deprived
environment to store as much fat as possible when food
becomes available (thrifty phenotype) (Hales & Barker
1992). However, when hypercaloric nutrition persists for
long periods of time, as seen in the programmed offspring
on a hypercaloric diet in the present study, the hyper-
leptinemia and hyperinsulinism may lead to adipogenic
diabetes.
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