DIABETES-INSULIN-GLUCAGON-GASTROINTESTINAL

Differential Effects of Prenatal and Postnatal
Nutritional Environment on ␤-Cell Mass Development
and Turnover in Male and Female Rats
Aleksey V. Matveyenko,* Inderroop Singh,* Bo-Chul Shin, Senta Georgia,
and Sherin U. Devaskar
Larry L. Hillblom Islet Research Center (A.V.M., I.S., S.G.) and Neonatal Research Center (B.-C.S., S.U.D.),
Divisions of Endocrinology and Neonatology, Departments of Medicine and Pediatrics, University of
California, Los Angeles, David Geffen School of Medicine, Los Angeles, California 90095

Fetal nutrient and growth restriction is associated with development of type 2 diabetes. Although
the exact mechanisms responsible for this association remain debated, intrauterine and/or postnatal maldevelopment of ␤-cell mass has been proposed as a potential mechanism. To address this
hypothesis, ␤-cell mass development and turnover was assessed in rats exposed to either intrauterine and/or postnatal caloric/growth restriction. In total, four groups of male and female
Sprague Dawley rats (n ⫽ 69) were developed and studied: 1) control rats, i.e. control mothers
rearing control pups; 2) intrauterine calorically and growth-restricted rats, i.e. 50% prenatal calorically restricted pups cross-fostered to control mothers; 3) postnatal calorically and growthrestricted rats, i.e. 50% calorically restricted mothers rearing pups born to control mothers; and 4)
prenatal and postnatal calorically and growth restricted rats, i.e. 50% calorically restricted mothers
rearing intrauterine 50% calorically restricted pups. Intrauterine growth restriction resulted in
approximately 45% reduction of postnatal ␤-cell fractional area and mass characterized by reduced
rate of ␤-cell replication and decreased evidence of neogenesis. In contrast, ␤-cell fractional area
and weight-adjusted ␤-cell mass in postnatal growth restriction was approximately 30% higher
than in control rats. Rats exposed to both intrauterine and postnatal caloric and growth restriction
demonstrated approximately 80% decrease in ␤-cell mass, reduction in ␤-cell replication, and
decreased evidence of neogenesis compared with control. Neither intrauterine nor postnatal caloric restriction significantly affected the rate of ␤-cell apoptosis. These data support the hypothesis
that intrauterine maldevelopment of ␤-cell mass may predict the increased risk of type 2 diabetes
in adult life. (Endocrinology 151: 5647–5656, 2010)

aternal malnutrition is a major cause of intrauterine
growth restriction (IUGR) that afflicts nearly 30
million newborns per year worldwide. It has long been
recognized that nutrient availability during fetal and early
postnatal life is an important determinant of adult health
(1). Specifically, prenatal nutrient insufficiency resulting
in low birth weight is associated with increased risk for
development of obesity, cardiovascular disease, and type
2 diabetes mellitus (T2DM) (2– 4). The association between low birth weight and development of T2DM was

M

first reported in classic studies by Hales et al. (4) that demonstrated a several-fold increase in the incidence of glucose
intolerance and T2DM in adult males that were born small
compared with those who were born at a normal birth
weight. These seminal observations have been since consistently reproduced by numerous investigators worldwide (5).
Although epidemiological evidence linking low birth weight
with increased susceptibility to T2DM is strong (5), the molecular and physiological mechanisms underlying this association are still under investigation (6).
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T2DM is a complex polygenic disease that often manifests years before eventual clinical diagnosis (7). T2DM
develops as a result of a failure to adequately increase
␤-cell function and mass to meet the demands of prevailing
insulin resistance (8). The contribution of ␤-cell failure to
the pathophysiology of T2DM is supported by islet pathology that reveals a ␤-cell deficit of approximately 50
and 65% in individuals with impaired fasting glucose and
T2DM, respectively (9), suggesting that the loss of ␤-cell
mass is important in the pathophysiology of T2DM.
Consistent with these observations, most genes linked to
T2DM by genome-wide association scans have been
shown to influence some aspects of ␤-cell biology, such as
regulation of ␤-cell secretory function and development of
␤-cell mass (10).
It has long been appreciated that low birth weight is
associated with adult insulin resistance, which can contribute to the increased risk in development of T2DM (11–
13). However, susceptibility to T2DM in low-birth-weight
individuals has also been hypothesized to be attributed to
inadequate ␤-cell mass formation (4). Because it is not
possible to measure ␤-cell mass in vivo, this hypothesis
cannot yet be tested directly in humans. However, evidence suggests that inadequate ␤-cell formation in utero
may underlie subsequent susceptibility for T2DM. First,
the fetal period is critical for endocrine pancreatic development in rodents and humans (14, 15). Second, animal
models of IUGR (due to bilateral uterine artery ligation)
develop hyperglycemia as adults characterized by a significant reduction in ␤-cell mass and secretory function
(16). In concert with the animal data, clinical data show
that children and adults with low birth weight demonstrate impaired ␤-cell function compared with their normal-birth-weight counterparts (4, 17).
Our objectives in this study were to first elucidate the
effect of maternal nutrient restriction on ␤-cell mass development immediately after birth and during the suckling
postnatal period in the offspring. We intentionally focused
on the early postnatal period because it represents the most
rapid expansion of ␤-cell numbers and turnover in rodents
and humans (18, 19). Second, we sought to dissect the
effect of postnatal vs. prenatal nutritional restriction on
␤-cell development, which was achieved by cross-fostering of newborn control or nutrient-restricted pups to
mothers maintained on either control or nutrient-restricted diet. Third, to elucidate the potential mechanisms
by which exposure to pre- and/or postnatal nutrient restriction impacts ␤-cell mass formation, we assessed ␤-cell
turnover (␤-cell replication, ␤-cell apoptosis, and estimated potential ␤-cell neogenesis). Finally, because almost all pre-/postnatal nutrient restriction animal models
focused on male subjects, we investigated potential gender
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differences in ␤-cell response to pre-/postnatal nutrient
restriction.

Materials and Methods
Animals
Sprague Dawley rats (7– 8 wk old, 200 –250 g; Charles River
Laboratories, Hollister, CA) were bred and housed individually
throughout the study at the University of California, Los Angeles, animal housing facility and subjected to standard 12-h light,
12-h dark cycle and allowed ad libitum access to regular chow
(6% fat, 20% protein, and 70% carbohydrates; Research Diets
Inc., New Brunswick, NJ) and water. The University of California, Los Angeles, Institutional Animal Research Committee approved all experimental procedures.

Maternal nutrient restriction model
To recapitulate intrauterine nutrient restriction resulting in
growth restriction, pregnant rats received 50% of their daily
food intake beginning on d 11 until d 21 of gestation. This protocol results in fetal caloric restriction during the mid to late
gestation period. Control rats received ad libitum access to food
and water throughout the study.

Postnatal animal maintenance
To maintain constant postnatal nutrition, at birth, the litter
size was culled to six. Subsequently, a group of male and female
newborn pups born to nutrient-restricted (IUGR; n ⫽ 12) or
control (n ⫽ 12) mothers were euthanized and pancreas was
removed for morphological analyses. In addition, the newborn
rat pups born to nutrient-restricted mothers were cross-fostered
to be fed and reared by either a mother that continued to be
nutrient restricted by receiving 50% of daily food intake through
lactation (11 g/d) or a control mother with ad libitum access to
rat chow (⬃20 g/d). Similarly, newborn pups born to control
mothers were cross-fostered to be fed and reared by either a
mother that continued to be nutrient restricted by receiving 50%
of daily food intake through lactation (11 g/d) or a control
mother with ad libitum access to rat chow (20 g/d). Thus, in total,
four groups of male and female rats were created and studied at
21 d of age as outlined in Fig. 1: 1) control rats (n ⫽ 12), i.e.
control mothers rearing pups born to control mothers; 2) intrauterine caloric and growth-restricted rats (IUGR, n ⫽ 12), i.e.
50% prenatal calorically restricted pups cross-fostered to control mothers; 3) postnatal caloric and growth-restricted rats
[postnatal nutrient and growth restriction (PNGR), n ⫽ 12], i.e.
50% calorically restricted mothers rearing pups born to control
mothers; and 4) prenatal and postnatal caloric and growth-restricted rats [intrauterine and postnatal growth restriction
(IPGR), n ⫽ 12]. At d 21, the pups were euthanized for pancreas
removal and analysis.

Pancreas morphology, immunohistochemistry, and
immunofluorescence
Pancreas was rapidly removed from euthanized rats, all nonpancreatic tissue was excised, and pancreas was weighed and
immediately fixed in 4% paraformaldehyde overnight at 4 C.
The pancreas was embedded in paraffin, and subsequently, complete longitudinal sections (4 m) of pancreas (head, body, and
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BrdU) lacks toxic and mutagenic translational and transcriptional effects on the cell (21, 22). The frequency of TUNEL and
Ki-67 are presented as a percent of total ␤-cells per section. Neurogenin-3 expression was examined and quantified in five separate ⫻10 microscope visual fields per pancreatic section per
animal. Expression was assessed as mean neurogenin-3/cytokeratin-positive cells per visual field per animal. Fluorescent
slides were analyzed and imaged using a Leica DM600 microscope (Leica Microsystems, Wetzlar, Germany) and images acquired using OpenLab software (Improvision) for the
microscope and analyzed using the ImagePro Plus software.

Statistical analysis

21 days
(CON)
No calorie
restriction

(IUGR)
Prenatal
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Postnatal
calorie
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(IPGR)
Pre and
postnatal
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FIG. 1. Schematic representation of the study design. In total, four
groups of animals were developed at 21 d: 1) control rats (CON), i.e.
control mothers rearing control pups; 2) intrauterine calorically
restricted rats (IUGR), i.e. 50% prenatal calorically restricted pups
cross-fostered to control mothers; 3) postnatally calorically restricted
rats (PNGR), i.e. 50% calorically restricted mothers rearing for control
pups; and 4) intrauterine and postnatal calorically restricted rats (IPGR),
i.e. 50% prenatally and postnatally calorically restricted mothers
rearing for intrauterine 50% calorically restricted pups.

tail) were obtained through its maximal width. For determination of ␤-cell area and mass, three complete longitudinal sections
spaced by at least 25 m were stained first for hematoxylin and
eosin and insulin (guinea pig antiinsulin IgG, 1:100; Zymed,
Carlsbad, CA). The ␤-cell mass was determined by first quantifying the pancreatic cross-sectional area positive for insulin and
multiplying this value by the pancreatic weight. In addition, sections were costained by immunofluorescence for insulin (guinea
pig antiinsulin IgG, 1:100; Zymed), terminal deoxynucleotidyl
transferase biotin-dUTP nick end-labeling (TUNEL method;
Roche Diagnostics, Mannheim, Germany) for quantification of
␤-cell apoptosis and insulin (guinea pig antiinsulin IgG, 1:100;
Zymed), and Ki-67 (mouse anti-Ki-67 IgG, 1:50; Dako, Carpinteria, CA) for determination of ␤-cell replication. Additional
sections were costained for the ductal cell marker cytokeratin
(mouse anti-pancytokeratin IgG, 1:50; Sigma Chemical Co., St.
Louis, MO), pancreatic and duodenal homeobox 1 (PDX-1)
(rabbit anti-PDX-1 IgG, 1:1000; Millipore, St. Louis, MO), neurogenin-3 (mouse anti-neurogenin-3 IgG, 1:200; Developmental
Hybridoma Studies Bank, University of Iowa, Iowa City, IA),
and insulin (guinea pig antiInsulin IgG, 1:100; Zymed) for determination of PDX-1-positive ductal cells. Secondary antibodies labeled with Cy3, Cy5, and fluorescein isothiocyanate were
obtained from Jackson Laboratories (West Grove, PA) and used
at dilutions of 1:100 for 1-h incubation. All ␤-cells per pancreatic
section (⬃1200 –2500 cells per section) were examined in detail
and counted at ⫻200 magnification (⫻20 objectives, ⫻10 ocular) for the total number of TUNEL- and Ki-67-positive ␤-cells.
Expression of Ki-67 protein has been shown to progressively
increase during the cell cycle, peaking in the late S/G2 phase (20).
Thus, Ki-67 has been extensively validated for the use as a replication marker in pancreatic sections, and unlike the bromodeoxyuridine (BrdU) method (incorporation of thymidine analog

Statistical analysis was performed using the ANOVA with
Fisher’s post hoc when appropriate using Statistica version 6
(Statsoft, Tulsa, OK). Data in graphs and tables are presented as
mean ⫾ SEM. Significance was assigned when P ⬍ 0.05.

Results
At birth, there was no difference in the litter size or maleto-female ratio between control and IUGR pups (data not
shown). As expected, the birth weight was significantly
reduced in both male and female IUGR pups compared
with control (Fig. 2B). Pancreas weight tended to be also
decreased in IUGR pups (particularly in males), but this
measure failed to reach statistical significance (Fig. 2C).
␤-Cell fractional area was comparable between control
and IUGR newborn pups in both male and female rats (P ⫽
0.8 between groups, Fig. 2, A and D). Thus, ␤-cell mass (a
product of ␤-cell area and pancreatic weight) was also not
statistically different between male/female control and
IUGR newborns, albeit male newborns demonstrated a
tendency for reduced ␤-cell mass (P ⫽ 0.06 for male IUGR
vs. control; Fig. 2E). In concert with these data, the frequency of ␤-cell replication (6.21 ⫾ 1.25 vs. 6.27 ⫾
0.9% for IUGR vs. control; P ⫽ 0.97, Fig. 3, A, B, and
G) and ␤-cell apoptosis (0.14 ⫾ 0.50 vs. 0.14 ⫾ 0.48%
for IUGR vs. control; P ⫽ 1; Fig. 3, C, D, and H) as well
as islet density (Fig. 3I) and islet size (Fig. 3J) were
similar in control vs. IUGR male newborns. Furthermore, both control and IUGR newborns demonstrated
a comparably high degree of expression of PDX-1-positive ductal cells (Fig. 3, E and F) indicative of ␤-cell
transdifferentiation from putative duct-like precursor
cells (23).
At weaning (i.e. 21 d), IUGR born male rats demonstrated approximately 15 and 30% decrease in body
and pancreatic weight, respectively, compared with
control (Fig. 4, A and B). In female IUGR rats, there was
no difference in both body and pancreatic weight compared with control (Fig. 4, A and B). On the other hand,
postnatal caloric restriction, irrespective of prenatal nutrient availability, in PNGR or IPGR groups resulted in
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FIG. 2. ␤-Cell area and mass in 2-d-old control (CON) and IUGR rats. A, Representative pancreatic sections stained for insulin (pink) and hematoxylin
(blue) in control and IUGR rats at 2 d; B–E, body weight (B), pancreatic weight (C), percent ␤-cell area (D), and ␤-cell mass (E) in control (n ⫽ 10) and in
utero calorically restricted (IUGR; n ⫽ 11) male and female pups at 2 d. Data are expressed as mean ⫾ SE. *, P ⬍ 0.05 vs. control.

Intrauterine caloric and growth restriction in IUGR and
IPGR groups resulted in approximately 45% decrease in
␤-cell fractional area compared with control (0.40 ⫾ 0.02
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FIG. 3. ␤-Cell turnover and neogenesis in male control and IUGR rats at 2 d. A and B, Examples of representative islets stained for replication
marker Ki-67 (red), insulin (green), and nuclear marker 4⬘,6-diamidino-2-phenylindole (Dapi, blue) imaged at ⫻20 magnification in control and
IUGR male rats at 2 d; C and D, examples of representative islets stained for apoptosis marker TUNEL (red), insulin (green), and nuclear marker
Dapi (blue) and imaged at ⫻20 magnification in control and IUGR male rats at 2 d; E and F, examples of representative islets stained for ductal cell
marker (cytokeratin, green), endocrine precursor marker PDX-1 (red), and insulin (blue) and imaged at ⫻20 magnification. No discernable differences
between control and IUGR groups at 2 d of age were observed. G–J, Quantification of ␤-cell replication (G), ␤-cell apoptosis (H), mean islet density (I),
and size (J) in control (CON; n ⫽ 5) and in utero calorically restricted (IUGR; n ⫽ 6) male pups at 2 d. Data are expressed as mean ⫾ SE.
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FIG. 4. Body and pancreatic weight in control (CON), IUGR, PNGR,
and IPGR male and female rats at 21 d. A and B, Body weight (A) and
pancreatic weight (B) in control (n ⫽ 12), IUGR (n ⫽ 12), PNGR (n ⫽ 12),
and IPGR (n ⫽ 12) male and female rats at 21 d. Data are expressed as
mean ⫾ SE. *, P ⬍ 0.05 vs. control; †, P ⬍ 0.05 vs. IUGR.

and 0.40 ⫾ 0.03% vs. 0.69 ⫾ 0.12 for female IUGR and
IPGR vs. control; P ⬍ 0.05, Fig. 5, A and B) in both male
and female rats. In contrast, postnatal caloric and growth
restriction alone in both female and male rats failed to
negatively affect ␤-cell fractional area compared with control rats (0.61 ⫾ 0.1 vs. 0.69 ⫾ 0.12% for female PNGR
vs. control; P ⫽ 0.46, Fig. 5, A and B). Also, in male and
female rats, both intrauterine (IUGR) or postnatal
(PNGR) caloric restriction resulted in approximately 50%
reduction in absolute ␤-cell mass compared with control
rats at 21 d (1.26 ⫾ 0.13 and 1.43 ⫾ 0.24 mg vs. 2.79 ⫾
0.16 mg for male IUGR and PNGR vs. control; P ⬍ 0.05,
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Fig. 5C). Interestingly, when we expressed ␤-cell mass as
percent of body weight (taking in consideration the reduced body size of pups exposed to postnatal caloric restriction), weight-adjusted ␤-cell mass in PNGR animals
was significantly higher compared with all the other
groups (P ⬍ 0.05 vs. all groups) in males and comparable
to that of control in female rats (Fig. 5D). However, ␤-cell
mass expressed as percentage of body weight was still decreased by approximately 50% in the IUGR group compared with control in both male and female rats (Fig. 5D).
In rats exposed to both intrauterine and postnatal caloric
and growth restriction (IPGR), absolute ␤-cell mass was
decreased by approximately 80% (Fig. 5C), and ␤-cell
mass expressed as percentage of body weight was decreased by approximately 50% (Fig. 5D).
Male IUGR and IPGR animals demonstrated a significantly reduced rate of ␤-cell replication, which was, respectively, 30 and 50% lower compared with control rats
(1.12 ⫾ 0.21 and 0.76 ⫾ 0.20% vs. 1.66 ⫾ 0.15 for male
IUGR and IPGR vs. control; P ⬍ 0.05, Fig. 6, A and B). The
rate of ␤-cell replication was also significantly reduced in
postnatal calorically restricted rats (PNGR) compared
with control (P ⬍ 0.05, Fig. 6B). In contrast, neither intrauterine nor postnatal caloric restriction alone or in
combination augmented the rate of ␤-cell apoptosis (P ⫽
0.96 between groups; Fig. 6, A and C). To assess potential
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FIG. 5. ␤-Cell area and mass in control (CON), IUGR, PNGR, and IPGR male and female rats at 21 d. A, Representative pancreatic sections imaged
at ⫻4 from control, intrauterine calorically restricted (IUGR), postnatally calorically restricted (PNGR), and intrauterine and postnatal calorically
restricted (IPGR) 21-d-old rats stained for insulin (pink) and hematoxylin (blue); B–D, ␤-cell fractional area (B), ␤-cell mass in milligrams (C) and
␤-cell mass expressed as a percentage of body weight (D) in control (n ⫽ 12), IUGR (n ⫽ 12), PNGR (n ⫽ 12), and IPGR (n ⫽ 12) male and female
rats at 21 d. Data are expressed as mean ⫾ SE. *, P ⬍ 0.05 vs. control; †, P ⬍ 0.05 vs. IUGR; ‡, P ⬍ 0.05 vs. PNGR.
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nificantly higher than control animals.
stained for replication marker Ki-67 (red), insulin (green), and nuclear marker 4⬘,6-diamidinoAnimals that were exposed to both
2-phenylindole (Dapi, blue) as well as apoptosis marker TUNEL (red), insulin (green), and Dapi
pre- and postnatal nutritional restric(blue) imaged at ⫻20 magnification in control (CON) and in utero and postnatally calorically
restricted (IPGR) male rat at 21 d. B and C, Quantification of ␤-cell replication (B) and ␤-cell
tion exhibited diminished absolute and
apoptosis (C) in control (CON; n ⫽ 6), IUGR (n ⫽ 6), PNGR (n ⫽ 6), and IPGR (n ⫽ 6) male
weight-corrected ␤-cell mass and signifrats at 21 d. Data are expressed as mean ⫾ SE. Arrows mark examples of Ki-67 or TUNELicantly reduced ␤-cell replication and
positive/insulin-positive cells. *, P ⬍ 0.05 vs. control.
␤-cell neogenesis. The effect of intracontribution of ␤-cell neogenesis/differentiation to post- uterine and/or postnatal caloric restriction on ␤-cell fracnatal ␤-cell mass, we examined PDX-1 and neurogenin-3 tional area and mass was consistent between male and
ductal cell immunoreactivity. Intrauterine caloric and female rats.
growth restriction (IUGR) was associated with the greatIn human infants, IUGR is seen in Western countries
est decline in PDX-1 ductal immunoreactivity (⬃80% mainly due to aberrant placental health (24). However,
compared with control; P ⬍ 0.05, Fig. 7, A–E). Addition- worldwide, the most common cause of IUGR (which afally, ductal cell immunoreactivity for PDX-1 was also sig- flicts as many as 30 million newborns worldwide) is manificantly reduced after postnatal caloric restriction in ei- ternal malnutrition related to diminished calories in her
ther PNGR or IPGR groups (⬃50%; P ⬍ 0.05 vs. control; diet similar to our rat IUGR group (1). Separate from
Fig. 7, A–E). Furthermore, ductal cell immunoreactivity IUGR, continued malnutrition of the mother during lacfor neurogenin-3, a critical islet development transcription
tation predisposes the breastfeeding infant to malnutrition
factor, was also significantly reduced (51 ⫾ 6, 54 ⫾ 6, and
postnatally, similar to our IPGR group. Thus, IPGR hu65 ⫾ 4 vs. 100 ⫾ 10 neurogenin-3/cytokeratin cells per field,
man infants, who express a slow growth rate from 0 –2 yr
P ⬍ 0.05 vs. control; Fig. 7, F–K) in IUGR, PNGR, and IPGR
that is superimposed on a low birth weight, have a higher
groups, respectively, compared with control.
incidence of glucose intolerance and T2DM (25). Although the pure PNGR group in our study may be difficult
to find in relation to maternal malnutrition in the Western
Discussion
world, this condition is still prevalent in developing counIn the present studies, we sought to elucidate the role of tries exhibiting substantial seasonal variations in food
prenatal and/or postnatal nutritional environment on availability (26, 27). In Western countries, PNGR is ram␤-cell mass development and turnover at birth and during pant in neonatal intensive care units where babies who are
the early postnatal period in rats. We purposefully focused critically ill cannot feed and are parenterally nourished
on the early postnatal period of ␤-cell expansion because (28). Most of these infants suffer from postnatal caloric
this period has been shown to represent the greatest ex- restriction resulting in postnatal growth restriction mimpansion of ␤-cell numbers and turnover in rodents and icking our PNGR group. Although pre- and postnatal
humans (18, 19). We report that fetal caloric restriction growth-restricted human infants are all lumped together
during mid to late gestation period leads to a significant as children, it is important to separate these groups when
reduction in postnatal ␤-cell mass formation, despite ex- considering interventions.
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FIG. 7. Estimation of ␤-cell neogenesis in control (CON), IUGR, PNGR, and IPGR rats at 21 d. A–D, Examples of pancreatic exocrine ducts stained
at ⫻20 for cytokeratin (green), insulin (blue), and PDX-1 (red) in control (A and C) and in utero and postnatally calorically restricted (IPGR, B and D)
rat at 21 d. Arrows mark expression of cytokeratin-positive/PDX-1-positive cells. E, Quantification of the frequency of cytokeratin-positive/PDX-1positive cells within the exocrine pancreas in control (n ⫽ 6), IUGR (n ⫽ 6), PNGR (n ⫽ 6), and IPGR (n ⫽ 6) rats at 21 d. F–K, Examples of exocrine
ductal tissue stained at ⫻20 for cytokeratin (green), neurogenin-3 (red), and nuclear stain 4⬘,6-diamidino-2-phenylindole (Dapi, blue) and insulin
(gray) in control (F–J) and in utero and postnatally calorically restricted (IPGR, G–K) rat at 21 d. Data are expressed as mean ⫾ SE. *, P ⬍ 0.05 vs.
control.

Maternal malnutrition and consequent IUGR is a
strong predictor of future development of T2DM (5). The
mechanisms by which fetal undernutrition increases the
risk for T2DM are still largely unknown, but it has been
proposed that inadequate prenatal nutritional environment can influence development of ␤-cell mass and thus
predispose individuals to developing T2DM later in life
(4). Our data support this hypothesis. Specifically, we report that intrauterine caloric restriction in rats during the
mid to late gestational period leads to a significant
(⬃45%) decrease in ␤-cell fractional area and ␤-cell mass
irrespective of postnatal nutritional environment. Furthermore, we demonstrate that the mechanisms for impaired postnatal ␤-cell formation after IUGR is a reduction in ␤-cell replication and a potential decrease in ␤-cell
neogenesis from putative ductal precursors, with no detected change in ␤-cell apoptosis. It is important to note
that the contributions of ␤-cell replication vs. ␤-cell neogenesis/differentiation (from putative ductal cell precursors) to maintenance and expansion of postnatal ␤-cell
mass in rodents and humans still remains debated (29, 30).
Our observations of reduced PDX-1 and neurogenin-3

expression in pancreatic ducts of IUGR-IPGR groups are
consistent with a previously proposed postulate that preand postnatal malnutrition impairs ␤-cell neogenesis/differentiation (31, 32). However, without genetic lineage
tracing studies, it is not possible to directly demonstrate
contribution of ductal cell precursors to new ␤-cell formation, and thus, additional studies are needed to address
the role of pre-/postnatal nutritional environment on
␤-cell neogenesis/differentiation.
Previous reports on the effects of pre- and postnatal
caloric restriction on rat ␤-cell mass development and
turnover at birth and after weaning exist (31–35). Most
(31, 32, 34, 35) but not all (33) reports in rats demonstrate
approximately 30 –50% decrease in ␤-cell mass at birth
(or during the late fetal period) after exposure to intrauterine caloric or selective protein restriction. ␤-Cell replication at birth was reported to be unchanged in intrauterine calorically restricted pups compared with controls
(31, 32); however, it was noted to be significantly decreased in a model of maternal protein restriction (34). In
21-d-old rats, ␤-cell mass was reduced by approximately
40% in rats exposed to intrauterine caloric restriction fol-
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lowed by exposure to normal postnatal nutrient availability and by approximately 70% in rats exposed to both
intrauterine and postnatal caloric restriction (31, 32). Interestingly in these studies, a decline in ␤-cell mass was not
associated with changes in ␤-cell proliferation when assessed by BrdU incorporation. These findings led the authors to postulate that diminished ␤-cell mass may be due
to impaired ␤-cell differentiation/neogenesis (31, 32).
In concert with previously published work, our studies
in intrauterine calorically restricted pups at birth demonstrated an approximately 30% decrease in ␤-cell mass (albeit it just failed to reach significance; P ⫽ 0.06) and an
approximately 50 and 80% decrease in ␤-cell mass at 21 d
in rats exposed to either normal or restricted postnatal
nutrient availability, respectively. On the other hand, in
contrast to previously published studies (31, 32), we observed significant reductions in the frequency of ␤-cell replication (measured by immunofluorescent colocalization
of Ki-67 and insulin) in 21-d-old intrauterine calorie-restricted rats exposed to either normal or restricted postnatal nutrient environment. This apparent discrepancy
may be attributed to methodological difference in 1) determination of ␤-cell replication (BrdU by immunohistochemistry vs. Ki-67 by immunofluorescence), 2) duration
of intrauterine caloric restriction (d 15–21 vs. d 11–21),
and 3) rat strain differences (Wistar vs. Sprague Dawley)
(31, 32). Further studies are needed to address the contribution of ␤-cell replication to the observed reduction in
␤-cell mass that is associated with IUGR along with molecular mechanisms responsible for these observations.
In the current study, we also examined the effect of
selective postnatal nutrient restriction upon ␤-cell mass
development and turnover. As expected, postnatal caloric
restriction resulted in decreased body and pancreatic
weight; however, ␤-cell fractional area and ␤-cell mass
(adjusted for body weight) were unexpectedly increased
compared with control. These data suggest that selective
PNGR primarily impacts pancreatic weight, whereas selective prenatal nutrient and growth restriction (IUGR)
largely determines endocrine cell development. Despite
maintaining normal weight-adjusted ␤-cell mass PNGR
animals demonstrated a significantly diminished rate of
␤-cell replication/neogenesis compared with control rats.
However, it is important to emphasize that PNGR animals
are exposed to a 50% curtailment in postnatal nutrient
availability. This restriction likely contributes to a decrease in availability of nutrient factors purported to mediate the rate of postnatal ␤-cell formation (e.g. glucose,
insulin, free fatty acids, glucagon-like peptide-1, and GH)
(36 –38). Thus, although ␤-cell replication/neogenesis in
PNGR is reduced compared with control, the rate of
␤-cell formation in PNGR group perhaps reflects re-
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stricted availability of postnatal nutrients and is presumably appropriate for maintaining body weight-adjusted ␤-cell mass.
Interestingly, a recent study examining the seasonality
of birth in adult T2DM patients reported that individuals
who experienced fetal life during months of nutrient deprivation and postnatal months with abundant nutrition
(IUGR group) had the highest rate of T2DM (27). On the
other hand, individuals who underwent fetal development
during a nutritionally abundant period and postnatal development exposed to months of nutrient deprivation
(PNGR group) demonstrated decreased risk for development of T2DM (27). Although many factors may contribute to the development of T2DM in IUGR and PNGR
humans, it is intriguing to hypothesize that variance in
␤-cell mass formation relative to body weight may be one
factor underlying differences in predisposition to T2DM
in IUGR and PNGR humans.
In recent years, molecular mechanisms responsible for
impaired ␤-cell mass formation after IUGR have come
under investigation. First, it has been proposed that IUGR
can result in a reduction of the embryonic ␤-cell progenitor
pool leading to inappropriate postnatal ␤-cell formation.
Stanger et al. (15) demonstrated that selective genetic reduction in the size of PDX-1⫹ pancreatic progenitors during the fetal period results in impaired ␤-cell formation
during the postnatal period with consequent development
of glucose intolerance during adulthood. Consistent with
this, maternal food restriction leads to a significant reduction in PDX-1⫹ and neurogenin-3⫹ pancreatic precursors
during embryonic development in rats, diminished postnatal ␤-cell formation, and inability to expand ␤-cell mass
in response to pregnancy (31, 39). Although it is unknown
whether exposure to IUGR leads to a diminished pancreatic progenitor pool in humans, fetal pancreatic tissue
taken from fetuses with severe IUGR is characterized by a
reduction in endocrine cell mass (40).
Another mechanism proposed to explain reduced ␤-cell
formation after IUGR is related to prenatal glucocorticoid
exposure. Maternal undernutrition (similar to the one employed in the current study) significantly increased both
fetal and maternal corticosterone concentrations in rats
(41). Subsequently, maternal and/or fetal overexposure to
glucocorticoids (via administration of dexamethasone)
impairs both fetal and postnatal ␤-cell formation in rodents and nonhuman primates (41– 44). Blondeau and
colleagues (41) have shown that fetal corticosterone concentrations are inversely correlated with fetal insulin content and postnatal ␤-cell formation in rats.
Evidence suggests that glucocorticoids can exert a direct effect on the developing fetal pancreas via transcriptional modulation of transcription factors involved in
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␤-cell formation and differentiation (42). Glucocorticoid
receptors are present in the pancreas during embryonic
development of rodents and humans (42). Specifically,
glucocorticoids can bind to the PDX-1 promoter and thus
suppress fetal endocrine cell differentiation (42). For example, glucocorticoid treatment has been shown to
significantly reduce fetal expression of key endocrine transcription factors such as PDX-1 and Pax-6 but simultaneously increase expression of transcription factors that
regulate development of the exocrine pancreas (44). In
concert with these findings, another hypoxic-ischemic
model of IUGR (due to bilateral uterine artery ligation) is
also characterized by a permanent decrease in islet PDX-1
mRNA expression. This decrease has recently been shown
to be due to progressive epigenetic silencing of the PDX-1
gene locus secondary to proximal promoter methylation
(45, 46). Because PDX-1 expression has been shown to be
critical for proper ␤-cell mass formation and expansion in
adulthood, the apparent reduction in PDX-1 expression in
IUGR may be responsible for the decreased rate of ␤-cell
replication and inappropriate postnatal ␤-cell mass development (46, 47).
In summary, prenatal nutrient restriction in both male
and female rats led to an inappropriate postnatal ␤-cell
mass formation attributed to a decrease in the rate of ␤-cell
replication and a potential decrease in ␤-cell neogenesis. In
contrast, male and female rats exposed to postnatal nutrient restriction alone (with normal prenatal nutrient exposure) were characterized by decreased pancreatic and
body weight, but with weight-adjusted ␤-cell mass higher
than control animals. These data are consistent with the
hypothesis that impaired prenatal nutritional environment can negatively influence postnatal development of
␤-cell mass and thus predispose individuals for developing
T2DM later in life. Additionally, our studies provide a
possible mechanism behind the divergence in predisposition to T2DM in IUGR and PNGR humans.
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