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Feeding a low-protein (LP) diet to pregnant and lactating rats
impairs pancreatic islet mass and insulin release in the off-
spring, leading to glucose intolerance as adults. We hypoth-
esized that an LP diet changes the number of pancreatic en-
docrine precursor cells or cells supporting endocrine cell
neogenesis. Pregnant rats were given LP (8% protein) or a
control (20% protein) diet from conception until postnatal d
21. Cells containing nestin, CD34, or c-Kit were quantified in
pancreata of the offspring. Stellate cells immunoreactive for
nestin were seen to be adjacent to ductal epithelium and were
resident within the islets. These were proliferative and im-
munonegative for cytokeratin 20, fibronectin, tyrosine hy-
droxylase, pancreatic duodenal homeobox 1, Nk homeodo-
main transcription factor 6.1, or insulin, but expressed
vimentin. Approximately 20% of islet nestin-positive cells also
expressed the endothelial cell marker platelet endothelial cell

adhesion molecule-1. Both ducts and islets also contained
CD34- and c-Kit-positive cells with similar morphology to
those expressing nestin. Offspring from rats fed the LP diet
had significantly less nestin/CD34-positive cells and reduced
expression of nestin mRNA. Within islets, there was an asso-
ciated decrease in cell proliferation and in cells immunopo-
sitive for pancreatic duodenal homeobox 1. Nestin-positive
cell number within islets correlated positively with the per-
cent area of �-cells. Supplementation of pregnant and lactat-
ing rats with taurine reversed the deficits in mean islet area
and nestin-positive cells caused by the LP diet within the
islets of the offspring. Nutritional programming of postnatal
�-cell mass may involve an altered abundance of cells express-
ing nestin and/or CD34, which may limit endocrine cell
development. (Endocrinology 145: 3004–3013, 2004)

LOW BIRTH WEIGHT for gestational age is a risk factor
for type 2 diabetes in later life (1, 2), suggesting that the

intrauterine environment can modulate programming of the
metabolic axis. Susceptibility to type 2 diabetes may result
from an altered development and insulin-secreting capacity
of the endocrine pancreas or altered insulin sensitivity of
target tissues. Experimental protein restriction in fetal and
neonatal life is a documented model for the induction of
adult glucose intolerance in rat, with resulting long-lasting
changes in the morphology and function of pancreatic
�-cells, in addition to impaired insulin sensitivity in insulin
target tissues (3, 4). We showed that pregnant rats fed an
isocaloric, low-protein (LP) diet (8% protein) compared with
control (C) diet (20% protein) produced offspring with a
significantly reduced birth weight and islet size (5, 6). The
small islet size probably resulted from a reduction in cell
proliferation, a greater apoptotic rate, and a reduced pan-
creatic expression of IGF-I and IGF-II, which were shown to
be mitogenic for �-cells while blocking apoptotic pathways
(6, 7). Offspring of LP-fed rats also showed a reduced islet

capillary density and a lower expression of vascular endo-
thelial growth factor and its receptor, Flk-1, on islet cells (8,
9). Endothelial cells and vascular endothelial growth factor
have been found to promote islet cell neogenesis during
pancreatic development (10), suggesting that a defect may
exist at the level of endocrine precursor cells in offspring of
LP-fed rats. The objective of this study was to determine
whether exposure of pregnant and lactating rats to an LP diet
altered the abundance of pancreatic cells in their offspring
expressing nestin, CD34, or c-Kit, possible markers of pre-
cursor cells or cells enabling endocrine cell differentiation.

The development of cells within the ductal epithelium or
within existing islets into an endocrine lineage is controlled
by a specific expression sequence of transcription factors, one
of the most important being pancreatic duodenal homeobox
1 (Pdx-1) (11–13). Subsequent expression of neurogenin 3,
Nkx2.2, and �2/NeuroD is associated with the migration of
small islets away from the ducts and the commitment and
expansion of endocrine cell types. Final commitment to the
separate endocrine cell phenotypes of �-cell, �-cell, �-cell,
and pancreatic polypeptide/adenomedullin cells depends
on the differential expression of additional transcription fac-
tors that for the �-cell include Nkx homeobox transcription
factor 6.1 (Nkx6.1), Pdx-1, and Pax-4. Putative islet progen-
itor cells exist in association with the pancreatic ducts and
within islets, whereas new islet cells may also derive by
trans-differentiation from exocrine tissue (14, 15). Potential

Abbreviations: C, Control diet; LP, low-protein; Nkx6.1, Nk ho-
meobox transcription factor 6.1; PCNA, proliferating cell nuclear anti-
gen; Pdx-1, pancreatic duodenal homeobox 1; PECAM-1, platelet en-
dothelial cell adhesion molecule-1; PN, postnatal.
Endocrinology is published monthly by The Endocrine Society (http://
www.endo-society.org), the foremost professional society serving the
endocrine community.

0013-7227/04/$15.00/0 Endocrinology 145(6):3004–3013
Printed in U.S.A. Copyright © 2004 by The Endocrine Society

doi: 10.1210/en.2003-0796

3004

 on October 17, 2006 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org


markers of such progenitors include the intermediate fila-
ment protein nestin, which is abundantly expressed in neu-
roepithelial stem cells during embryogenesis, but is absent
from mature central nervous system cells (16), the hemopoi-
etic cell lineage marker CD34, and the stem cell growth factor
receptor, c-Kit (17).

A subpopulation of nestin-positive, putative precursor
cells was identified within the rat pancreatic ductal epithe-
lium, within mature rat islets, or from second trimester hu-
man fetal pancreas that consists mostly of primitive ductal
structures (18–20). Once enriched within cultures, these cells
proliferated rapidly and were reported to differentiate into
pancreatic endocrine, exocrine, and hepatic phenotypes in
vitro. Nestin-positive cells were also described in isolated
adult human islets, and the multipotential cells were iden-
tified as a subfraction expressing the ATP-binding cassette
transporter (ABCG2) (21). More detailed analyses of the
nestin-positive fractions in human fetal and adult pancreas
have concluded that they do not represent endocrine cell
precursors (22, 23), but contribute to the microvasculature
(24). Selander and Edlund (25) reported that nestin-positive
cells in the pancreas of the mouse embryo were mesenchy-
mal, not epithelial, and Lardon et al. (26) found similar results
in normal and regenerating adult rat pancreas. Nestin is
additionally expressed within newly formed capillaries dur-
ing islet regeneration and was reported to colocalize to vas-
cular endothelium and to cells coexpressing CD34 in the
adult human pancreas (27). This may indicate that one pop-
ulation of resident endocrine precursors originates in mes-
enchymal tissue, such as bone marrow. Marrow-derived
stem cells were shown to repopulate the irradiated mouse
and contribute Pdx-1-positive, insulin-producing cells
within the pancreatic islets (28). We recently found that a
transplanted CD34/c-Kit-positive marrow cell fraction could
reverse diabetes in the mouse, but that this was primarily due
to a regeneration of endogenous islets (29). Such regeneration
was clustered around primitive endothelial-like cells within
the pancreas that were derived from hemopoietic stem cells.
Shared phenotypic markers between nestin-positive cells
and endothelial cells within the intact pancreas suggest that
the nestin-positive cells may act as inducers of endocrine
cell neogenesis, rather than representing the precursors
themselves.

We therefore hypothesized that the changes in islet cell
morphology induced by feeding the LP diet in early life may
involve alterations in the numbers of endocrine precursor/
inducer cells expressing nestin, CD34, or c-Kit within the
pancreas, thus limiting islet cell plasticity.

Materials and Methods
Animal model

The model of pre- and postnatal exposure to an LP diet has been
described by us previously (5, 6). Adult female Wistar rats bred at the
Lawson Health Research Institute and Catholic University of Louvain
were given food and water ad libitum and were housed at 24 C with 60%
humidity and a 14-h light, 10-h dark cycle. Nulliparous rats of 200–250
g maintained on standard laboratory diet were time-mated and ran-
domly allocated to one of the two groups on d 1 of gestation until 21 d
after birth of the offspring. A control group (C) was provided with a 20%
protein diet and a second group (LP) was given an 8% protein diet (Hope
Farms, Woerden, The Netherlands). The two diets had a similar fat

content and were made isocaloric by the addition of carbohydrates to the
LP diet. Food consumption did not appreciably differ between the C and
LP groups. An additional group of C or LP-fed animals were supple-
mented with 2.5% (wt/vol) taurine (Sigma-Aldrich Corp., St. Louis, MO)
in the drinking water throughout gestation and lactation. Taurine sup-
plementation did not alter either food or water intake.

At birth, the litters from both diet groups were reduced to eight pups,
and these remained with the lactating females until death at up to
postnatal (PN) d 21. Pregnant rats were anesthetized with pentobarbital
(55 mg/kg body weight) on d 21.5 of gestation, and the fetuses were
removed and decapitated with scissors. After birth, pups were killed by
decapitatio, and animals of both sexes were used. All procedures were
performed with approval of the animal ethics committees of Catholic
University of Louvain and University of Western Ontario and in accor-
dance with the guidelines of the Canadian Council on Animal Care. At
the time of death the animals were weighed, and the pancreas was
removed from each animal, weighed, and fixed for immunohistochem-
istry. Tissues were placed in ice-cold fixative (4% paraformaldehyde in
70 mm phosphate buffer, pH 7.4, containing 0.2% glutaraldehyde) for
16 h at 4 C, followed by four washes at 4 C in PBS over a 48-h period.
Fixed tissues were dehydrated through a graded ethanol series, im-
pregnated with butanol, and embedded in paraffin.

At the time of death, 50 �l blood were collected for glucose and
precipitated in 500 �l HClO4 (0.33 n). Glucose concentrations were
measured using a glucose oxidase test kit (Sigma-Aldrich Corp.). Insulin
was measured by RIA in a modification of the method of Hales and
Randle (30) as described by us previously (31). Rat insulin (Novo Nor-
disk, Mississauga, Canada) was used for the standard curve.

Immunohistochemistry

Histological sections of pancreas (5 �m) were cut from paraffin blocks
and mounted on glass microscope slides (SuperFrost Plus, Fischer Sci-
entific, Nepean, Canada). Immunohistochemistry was performed to lo-
calize cells staining for insulin, nestin, CD34, c-Kit, proliferating cell
nuclear antigen (PCNA), cytokeratin 20, Pdx-1. Nkx2.2, Nkx6.1, neuron-
specific enolase, platelet endothelial cell adhesion molecule (PECAM-1),
vimentin, fibronectin, or tyrosine hydroxylase by a modified avidin-
biotin peroxidase method previously described for pancreas (6, 8). The
primary antibodies used were guinea pig antihuman insulin (1:50 di-
lution; provided by Dr. Thomas McDonald, University of Western On-
tario), monoclonal antibody against human cytokeratin 20 (1:50; DAKO,
Santa Barbara, CA), monoclonal antibody against nestin (1:200 dilution;
BD PharMingen, Mississauga, Canada), rabbit antihuman CD34 (1:30
dilution; Santa Cruz Biotechnology, Montréal, Canada), monoclonal
antibody against PCNA (1:750 dilution; Sigma-Aldrich Corp.), rabbit

FIG. 1. Mean area (�SEM) of islet in pancreata from fetal (F) or PN
animals after feeding of control (f) or LP (f) diets. Data are derived
from eight to 10 animals for each age. *, ANOVA showed a significant
difference between LP and C (P � 0.001).
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antirat Nkx6.1 (1:2000 dilution; provided by Dr. O. Madsen, Hagedorn
Research Institute, Gentofte, Denmark), rabbit antirat Pdx-1 (1:2500 di-
lution; provided by Dr. C. Wright, Vanderbilt University, Nashville,
TN), monoclonal antibodies against human neuron-specific enolase or
tyrosine hydroxylase (both 1:50 dilution; Novocastro Laboratories,
Newcastle upon Tyne, UK), monoclonal antibody against endothelial
cell PECAM-1 (1:50; DAKO), rabbit antihuman c-Kit (1:50; DAKO), or
monoclonal antibodies against vimentin (Hagedorn Research Institute)
or fibronectin (1:50; DAKO). Controls included substitution of primary
antisera with nonimmune serum and omission of the secondary
antiserum.

Dual staining for nestin and insulin was performed by first perform-
ing immunohistochemistry for nestin as described above using diami-
nobenzidine as the chromagen. Before counterstaining and dehydration,
the sections were subjected to immunohistochemistry for insulin using
a fluorochrome, Vector Red alkaline phosphatase (Vector Laboratories,
Inc., Burlingame, CA). Costaining for nestin and PCNA was achieved

using blue alkaline phosphatase to visualize PCNA and Vector Red for
nestin. In these studies no counterstain was used. For costaining of nestin
with vimentin or PECAM-1, nestin was visualized using goat antimouse
Alexa Fluor 488 (green; Molecular Probes, Inc., Eugene, OR) and the
second antigen with goat antirabbit Alexa Fluor 555 (red). Sections were
examined using fluorescence microscopy.

RNA extraction and RT PCR

Total RNA was extracted from whole pancreas (30–75 mg) using
TRIzol reagent (Invitrogen, Carlsbad, CA). Purified RNA (100 �g) was
extracted using the RNeasy Mini Kit (Qiagen, Mississauga, Canada) to
remove any contamination of genomic DNA, and the integrity was
verified by separation using gel electrophoresis and visualization by
ethidium bromide staining. The amount of RNA was estimated by
absorbance at 260 nm, and samples were stored at �80 C. Three mi-
crograms of total RNA were reverse transcribed with 300 U SuperScript

FIG. 2. Immunohistochemical localiza-
tion of nestin (A and B), CD34 (C and D),
or c-Kit (E and F) in sections of rat pan-
creas demonstrating islets (A, C, and E)
or ducts (B, D, and F). Animals were
taken on PN d 12 and were maintained
on the C diet. Arrows indicate represen-
tative cells immunoreactive for the an-
tigen shown. Magnification bar: A, 25
�m; C, 20 �m; B and D–F, 10 �m.
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II ribonuclease H� reverse transcriptase (Invitrogen) using 0.5 �g oli-
go(deoxythymidine)12–18 primers (Invitrogen) according to the manu-
facturer’s instructions. For multiplex PCR, the following reaction com-
ponents were used: 32 �l water, 1.5 �l MgCl2 (50 mm), 1 ml deoxy-NTP
mix (10 mm), and 5 �l 10� PCR buffer (without Mg). Three microliters
of nestin primers (50 �m) and then 5 �l of the RT samples were added
to 39.5 �l of the above reaction mixture. The primers used were as
follows: rat nestin: sense, 5�-TTC CCT TCC CCC TTG CCT AAT ACC-3�;
antisense, 5�-TGG GCT GAG CTG TTT TCT ACT TTT-3� (expected
product size, 464 bp); and �-actin: sense, 5�-GAC GGG GTC ACC CAC
ACT GTG CCC ATC TA-3�; antisense, 5�-CTA GAA GCA TTT GCG GTG
GAC GAT GGA GG-3� (expected product size, 660 bp). After a dena-
turation step of 3 min at 95 C, 0.5 �l Taq DNA polymerase (Invitrogen)
was added at 80 C to perform a hot start. After seven cycles of 1 min at
94 C for denaturation, 1 min at 55 C for annealing, and 1 min at 72 C for
extension, 2 �l �-actin primers (50 �m) were added to complete 35 more
cycles and extension for the last 10 min at 72 C. To establish a linear range
of amplification, several different cycle numbers of PCR (20, 25, 30, 35,
40, 42, and 45) were run. Negative controls without reverse transcriptase
and without cDNA were run, and no genomic DNA contamination was
found (data not shown). The �-actin primers covered exon/intron

boundaries, and no signal at 970 bp of genomic DNA contamination was
found (data not shown) compared with the expected product size of 660
bp. The amplified PCR products were visualized on 2% agarose gels
stained with ethidium bromide and analyzed by a gel imaging system
(AlphaEaseFC-FluorChem 8800 software, Alpha Innotech Corp., San
Leandro, CA). The ratio between the signals for nestin and �-actin was
taken from the same sample, allowing for a semiquantitative assessment.

Morphometric and statistical analysis

Morphometric analysis was performed using a transmitted light mi-
croscope (Zeiss, New York, NY) at a magnification of �250 or �400.
Analyses were performed with Northern Eclipse version 6.0 morpho-
metric analysis software (Empix Imaging Co., Mississauga, Canada).
The percentage of islet cells or the islet cell area immunopositive for each
antigen was calculated at each age for up to four sections of each
pancreas, representing predominantly the head regions. We previously
showed that the impact of LP diet on islet size is greater in the head than
in the tail of the pancreas (5). The sections used contained at least five
islets, and pancreata from up to 10 animals were examined for each age.
Individual cell area and total areas of immunoreactive cells within islets

FIG. 3. Immunohistochemical colocaliza-
tion of nestin (red) and PCNA (blue) in sec-
tions of rat pancreas demonstrating ducts
(A) or an islet (B) for animals maintained
on the C diet. Arrows indicate representa-
tive cells immunoreactive for the both an-
tigens. Animals were taken on PN d 12.
Magnification bar, 10 �m.

FIG. 4. Immunofluorescent localization
within isletsof eithernestin (B), vimentin
(C), and their colocalization (D) or nestin
(F), PECAM-1 (G), and their partial co-
localization (I). Arrows indicate represen-
tative cells containing both nestin and
vimentin and occasional cells that colo-
calized both nestin and PECAM-1. Boxes
are shown at greater magnification at
the top right. Bright-field views of the
same islets are shown in A and E, re-
spectively. Animals were taken on PN d
12 and were maintained on the C diet.
Magnification bar, 25 �m.
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were circled for image analysis and selected by gray level threshold.
Differences between mean values for variables within individual ex-
periments were compared statistically by two-way ANOVA. Mean val-
ues are given (�se). mRNA signals for �-actin and nestin obtained after
RT-PCR were compared by two-way ANOVA, followed by Newman-
Keuls test.

Results

The effects of LP diet on body and pancreatic size were
similar to those reported previously (6). The mean body
weight of offspring from rats receiving the LP diet was not
significantly lower at 21.5 d gestation compared with that of
control-fed animals, but by postnatal d 14, LP animals were

smaller (C, 23 � 3 g; LP, 17 � 2 g; P � 0.05; n � 10). Mean
pancreatic weight did not differ between groups at birth, but
by PN d 14, this was also significantly lower in offspring of
LP-fed rats (C, 82 � 4 mg; LP, 65 � 7 mg; P � 0.05; n � 10).
Blood glucose and plasma insulin levels in offspring of LP
and C rats did not differ significantly at any age (not shown).
The mean islet area in pancreata from offspring of C animals
increased from approximately 8,000 �m2 at 21.5 d gestation
to approximately 11,000 �m2 on PN d 14, and this was re-
duced in LP animals throughout this period (Fig. 1). The
lower mean islet size in LP rats was due to a relative absence
of �-cells, as determined by the mean percentage of cells

FIG. 5. Left, Immunohistochemical lo-
calization of CD34 (A), tyrosine hydrox-
ylase (B), or neuron-specific enolase (C)
in sections of rat pancreatic islets. Boxes
are shown at greater magnification at
the top right. Animals were taken on PN
d 12 and were maintained on the C diet.
Arrows indicate representative cells im-
munoreactive for the antigen shown.
Magnification bar: A, 5 �m; B and C, 25
�m. Right, Percentage of islet cells
(mean � SEM) immunopositive for CD34
(D), tyrosine hydroxylase (E), or enolase
(F) in pancreata from fetal (F) or PN
animals after feeding of the C (f) or LP
(�) diet. Data are derived from eight to
10 animals for each age. *, ANOVA
showed a significant difference between
LP and C for CD34-positive cells (P �
0.001), but not for tyrosine hydroxylase-
or enolase–positive cells.
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within islets that were insulin immunoreactive between fetal
d 21.5 and PN d 14 (PN d 14: C, 82 � 2%; LP, 75 � 1%; P �
0.01; n � 10). The mean size of individual �-cells was un-
changed, with an area of approximately 120 �m2.

Immunohistochemistry showed that subpopulations of
cells adjacent to the ductal epithelium contained nestin,
CD34, and c-Kit, which have previously been used as indi-
cators of stem and precursor cell presence (Fig. 2). These cell
populations did not coexpress the ductal epithelial marker,
cytokeratin 20 (not shown). Approximately 10% of ductal-

associated cells were nestin- or CD34-positive, and 15% were
c-Kit-positive. Within the islets, a population of nestin-
immunoreactive cells (6–8% of cells) was found that had a
stellate appearance (Fig. 2). CD34-positive cells had a similar
morphology, distribution, and frequency, suggesting that
they were an overlapping cell population, whereas c-Kit-
positive cells were more rounded and less abundant, repre-
senting less than 4% of islet cells. Islet cells immunoreactive
for nestin, CD34, and c-Kit did not colocalize cytokeratin 20,
which, as we reported previously (32), was localized to cells

FIG. 6. Immunohistochemical localization of
nestin (A and C) or Pdx-1 (B and D) in consecutive
sections of rat pancreas demonstrating islets. An-
imals were taken on PN d 12 and were main-
tained on a C diet (A and B) or a LP diet (C and
D). Magnification bar, 10 �m.
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at the periphery of the islet (not shown). Tissue sections were
costained for the presence of PCNA, an indicator of DNA
synthesis, and nestin. Many ductally associated and islet
nestin-positive cells showed a copresence of PCNA (Fig. 3)
regardless of whether animals had received the C or LP diet
(C: duct, 62 � 3% of nestin-positive cells immunopositive for
PCNA; islets, 54 � 4%; LP: duct, 56 � 4%; islets, 48 � 4%; n �
5–6 animals). Similar results were found for CD34-positive
cells (C: duct, 66 � 4% immunopositive for PCNA; islets,
51 � 3%; LP: duct, 64 � 4%; islets, 46 � 4%) and those
immunopositive for c-Kit, confirming that these could be cell
populations linked to endocrine cell neogenesis.

Within islets, nestin immunoreactivity colocalized in cells
also expressing vimentin (Fig. 4, A–D). About 20% of nestin-
positive cells also colocalized the endothelial cell marker
PECAM-1 (Fig. 4, E–H), suggesting that nestin-expressing
populations included some cells with an endothelial pheno-
type. No nestin-positive cells expressed the mesenchymal
cell marker fibronectin (not shown). As nestin expression is
also a characteristic of immature neuronal cells, its location
in islets relative to cells expressing the neuronal markers
tyrosine hydroxylase or neuron-specific enolase was also
determined (Fig. 5). Although a dispersed subfraction of cells
contained both ligands, these differed in distribution and
morphology from those containing nestin. Nestin-positive
cells in islets did not colocalize the transcription factor Pdx-1
(Fig. 6), which is expressed in both �-cell precursors and
mature, functional �-cells. Similarly, nestin-positive cells did
not colocalize with cells expressing Nkx6.1, a transcription
factor required for the later stages of �-cell lineage commit-
ment and maturation (Fig. 7). Costaining of nestin and in-
sulin within the same tissue sections showed that each re-
sided in distinct cell types (Fig. 7). These findings suggest

that nestin-, CD34-, and c-Kit-positive cells within the pan-
creas of fetal and neonatal rats could not be identified as
endocrine, neuronal, or stromal cell types, but were prolif-
erative and possibly mesenchymal in origin. Some nestin-
positive cells appeared to be endothelial in nature.

The percent presence of CD34- or nestin-positive cells,
either associated with the pancreatic ducts or present within
the islets, did not significantly differ between fetal d 21 and
PN d 14 (Figs. 5 and 8). Within both tissue compartments,
significantly lower numbers of nestin-immunopositive cells
were found in offspring from LP rats compared with C an-
imals (Fig. 8). This was accompanied by a reduced presence
of mRNA encoding nestin within pancreas obtained from LP
vs. C animals between PN d 1 and 21 (Fig. 9) and a reduced
expression on PN d 21 compared with the day of birth. Cells
immunopositive for CD34 were similarly reduced in pan-
creata from LP-fed animals (Fig. 5). The reduction in the
presence of these putative precursor-associated cell popula-
tions was accompanied by many fewer islet cells expressing
Pdx-1 (Figs. 6 and 10). The number of nestin-positive cells
within islets correlated with the number of insulin-positive
�-cells within the same islet when LP and control animals
were considered together (r � 0.65; P � 0.05). Although
age-related changes were seen in the number of neuronal
cells containing either tyrosine hydroxylase or enolase (Fig.
5), both being most abundant on PN d 12, there were no
differences between C and LP animals.

Supplementation of pregnant and lactating rats given the
LP diet with taurine rescued the deficit in mean islet area seen
in neonatal offspring and caused a recovery in the frequency
of islet cells immunopositive for nestin (Table 1). Taurine
supplementation to a C diet did not significantly alter either
the mean islet area or the number of nestin-positive islet cells.

FIG. 7. Immunohistochemical localization of
nestin (A) and Nkx6.1 (B) in consecutive sections
of rat pancreas demonstrating ducts islets. C and
D, Lack of colocalization within an islet of nestin
and insulin, respectively. Animals were used on
PN d 12 and were maintained on the C diet. The
arrow indicates the location of a nestin-immuno-
reactive cell. Magnification bar, 10 �m.

3010 Endocrinology, June 2004, 145(6):3004–3013 Joanette et al. • Diet and Islet Precursor Cells

 on October 17, 2006 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org


Discussion

There is presently no consensus on the identity of precur-
sor cells with the potential to generate new islet endocrine
cells, especially �-cells, within the pancreas, or whether more
than one such population exists. In the embryonic mouse
and normal and regenerating adult rat pancreas, the nestin-
positive cells with a stellate morphology possess mesenchy-
mal, not epithelial, characteristics (25, 26), whereas in the
adult human pancreas these were shown to include vascular
endothelium (26). However, when nestin-positive cell-rich
populations of putative islet precursor cells were isolated
from adult rat islets or the human fetal pancreas, they were
reported to give rise to insulin-expressing neoislets with
epithelial characteristics (19, 20), although it has recently
been shown that these cells are unlikely to be direct endo-
crine precursors (22, 23).

To demonstrate the effect of fetal and neonatal dietary
restriction on putative precursor cell types we considered
several possible cell phenotypes, including cells expressing
nestin, c-Kit, or CD34. We found that nestin-positive and

FIG. 8. Percentage of cells (mean � SEM) immunopositive for nestin
associated with either pancreatic ducts or islets in fetal (F) or PN
animals after feeding of the C (f) or LP (�) diet. Data are derived from
eight to 10 animals for each age. *, ANOVA showed a significant
difference between LP and C for nestin-positive cells in both ducts and
islets (P � 0.001).

FIG. 9. A, RT-PCR analysis of RNA isolated from rat pancreata after
feeding animals a C or LP (L) diet. Pancreas was examined on PN d
1, 10, 14, and 21. Multiplex analysis was performed with primers for
�-actin and nestin within the same reactions, and the DNA reaction
products are shown for the expected sizes. A representative experi-
ment is shown. B, Ratio of nestin/�-actin mRNA after multiplex RT-
PCR (mean � SD) for animals on PN d 1–21 after feeding of the C (f)
or LP (�) diet. Data are derived from three animals for each age.
ANOVA showed a significant difference between LP and C diets (*,
P � 0.001) and for C diet between d 21 and d 1 (a, P � 0.05).

FIG. 10. Percentage of islet cells (mean � SEM) immunopositive for
nestin or Pdx-1 in pancreata from fetal (F) or PN animals after feeding
of the C (f) or LP (�) diet. Data are derived from eight to 10 animals
for each age. *, ANOVA showed a significant difference between LP
and C for both nestin-positive and Pdx-1-positive cells (P � 0.001).
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CD34-positive stellate cells located within the islets had an
identical morphology and distribution, showed a high inci-
dence of DNA synthetic activity, and may represent the same
cell population. Under conditions of normal development we
found that only a minority of nestin-positive cells within the
islets represented PECAM-1-positive endothelial cells. The
majority of nestin-positive cells found within islets do not
colocalize PECAM-1, but do express CD34. Whether these
cells originate from the pancreatic ducts or represent cells
that have migrated via the circulation from hemopoietic tis-
sue, such as fetal liver or bone marrow, is not known. How-
ever, as we recently showed that CD34/c-Kit-positive he-
mopoietic stem cells derived from mouse bone marrow have
a limited capability to translocate to the pancreas of diabetic
mice and form insulin-expressing cells within the islets (29),
it is possible that some endocrine precursor cells may be
derived from marrow. Similar studies demonstrated that
marrow-derived stem cells will populate the diabetic mouse
pancreas and contribute to new capillaries within an angio-
genic response (33). Small cells immunoreactive for c-Kit
were also found within islets, but were less numerous than
those expressing nestin/CD34. Elongated cells immunopo-
sitive for nestin, CD34, and c-Kit and with high proliferative
activity also occurred in juxtaposition with the pancreatic
ductal epithelium. These may represent reactive pericytes
that support, but do not represent, endocrine cell precursors.

LP feeding of rats in early life results in profound reduc-
tions in pancreatic weight, islet cell mass, and the relative
contribution of �-cells to the islets (6). The resulting �-cells
have impaired insulin release in vitro, and the animals have
abnormal glucose tolerance once they become adults (3, 5).
Our previous findings of a reduced capillary density in the
pancreata of such animals together with altered cell cycle
kinetics of �-cells (6, 9) suggested that the mechanism of
action of the LP diet might be directed at the number or
activation of endocrine precursor cells. A reduced popula-
tion of nestin/CD34-positive cells in the pancreas of fetal and
neonatal LP-fed rats and a lower expression of nestin mRNA
are supportive of this. The reduction in nestin-positive cells
within the islets cannot be accounted for solely by a reduction
in vascularity, and a lower abundance of nestin-positive en-
dothelial cells. Also, changes to nestin/CD34-positive cells

were not representative of other pancreas cell types, as the
numbers of cells expressing the neuronal markers tyrosine
hydroxylase and neuron-specific enolase did not change be-
tween LP and C diets. Within LP islets, the association of
fewer nestin/CD34-positive cells with a reduction in the
number of cells expressing Pdx-1 and fewer �-cells support
the likelihood of a functional linkage between these cells and
endocrine cell formation.

If nestin-positive cells are not themselves precursors, they
may function as inducers of endocrine cell neogenesis. Dur-
ing the induction of islet regeneration in the diabetic mouse
using marrow-derived CD34/c-Kit-positive stem cells,
focal points of islet cell generation were found to surround
marrow-derived cells with characteristics of endothelial cell
lineage (29), possibly providing morphogenic stimulation.
Nestin/CD34-positive cells within developing islets may
provide a similar stimulus to endocrine cell plasticity. We
previously showed that supplementation of pregnant and
lactating rats with the amino acid taurine will reverse the
detrimental effects of the LP diet on islet capillary density,
islet area, and islet cell DNA synthesis (8, 9, 34). As taurine
supplementation was also able to reverse the deficit in nestin-
positive islet cells caused by the LP diet, this further supports
a causative link with endocrine cell mass. It is also possible
that the LP environment results in the selection of a differing
subpopulation of nestin- or CD34-positive precursor cells,
giving rise to �-cells with a differing insulin release. An
altered ratio of �-cells to �-cells in the islets of LP-fed rats in
favor of the former (6) might also indicate that the ability of
precursor cells to contribute equally to each endocrine lin-
eage is altered. The true identity of endocrine cell precursors
within ducts and islets remains unclear. In the human adult
pancreas, Petropavlovskaia and Rosenberg (35) have de-
scribed small islet cells that coexpress all pancreatic endo-
crine hormones and Pdx-1, but not nestin, and have few
neuroendocrine granules, whereas Duvillie et al. (36) found
Pdx-1-positive, endocrine hormone-negative cells in neona-
tal rat islets that demonstrated a prolonged labeling with
bromodeoxyuridine. The relationship between these and
the c-Kit-positive cells identified in neonatal rat islets is
unknown.

In summary, these studies suggest that dietary program-
ming of postnatal �-cell mass may be initiated at the level of
endocrine precursor cells during fetal and neonatal life and
is related to the presence of nestin- and CD34-positive cells
within the pancreas.

Acknowledgments

We thank Ms. Brenda Strutt and Catherine Currie for technical sup-
port, Dr. O. Madsen (Department of Developmental Biology, Hagedorn
Research Institute, Gentofte, Denmark) for the kind gift of antisera
against Nkx6.1, and Dr. C. Wright (Vanderbilt University) for the kind
gift of antisera against Pdx-1.

Received June 26, 2003. Accepted March 8, 2004.
Address all correspondence and requests for reprints to: Dr David

Hill, Lawson Health Research Institute, St. Joseph’s Health Care, 268
Grosvenor Street, London, Ontario, Canada N6A 4V2. E-mail: dhill@
lri.sjhc.london.on.ca.

This work was supported by the Canadian Diabetes Association, the
Juvenile Diabetes Research Foundation, the Canadian Institutes of
Health Research, the Stem Cell Network Center of Excellence, the On-

TABLE 1. Mean area of islets and frequency of islet cells
immunopositive for nestin in neonatal rats after exposure of the
mothers to a C or LP diet, with or without supplementation with
taurine (T)

Age (d) Islet area (�m2) Nestin (% of cells)

2
C 7916 � 308 4.8 � 0.2
LP 6182 � 277a 3.2 � 0.3a

C � T 7531 � 212 4.5 � 0.2
LP � T 8146 � 339b 5.1 � 0.2

12
C 10886 � 438 8.1 � 0.3
LP 6365 � 311a 4.9 � 0.2a

C � T 9871 � 262 7.9 � 0.2
LP � T 11159 � 289c 7.8 � 0.3b

Values are the mean � SEM (n � 5).
a P � 0.05 vs. C diet.
b P � 0.05 vs. LP diet.
c P � 0.01 vs. LP diet.

3012 Endocrinology, June 2004, 145(6):3004–3013 Joanette et al. • Diet and Islet Precursor Cells

 on October 17, 2006 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org


tario Research and Development Challenge Fund, the Parthenon Trust
(London, UK), and the Fond National de la Recherche Scientifique of
Belgium.

References

1. Barker DJP, Hales CN, Fall CHD, Osmond C, Phipps K Clark PMS 1993 Type
2 (non-insulin dependent) diabetes mellitus, hypertension and hyperlipidaer-
nia (syndrome X): relation to reduced fetal growth. Diabetologia 36:62–67

2. Hales CN, Barker DJ, Clark PM, Cox LJ, Fall C, Osmond C, Winter PD 1991
Fetal and infant growth and impaired glucose tolerance at age 64. Br Med J
303:1019–1022

3. Hales CN, Ozanne SE 2003 For debate: Fetal and early postnatal growth
restriction lead to diabetes, the metabolic syndrome and renal failure. Diabe-
tologia 46:1013–1019

4. Ozanne SE, Olsen GS, Hansen LL, Tingey KJ, Nave BT, Wang CL, Hartil K,
Petry CJ, Buckley AJ, Mosthaf-Seedorf L 2003 Early growth restriction leads
to down regulation of protein kinase C� and insulin resistance in skeletal
muscle. J Endocrinol 177:235–241

5. Snoeck A, Remacle C, Reusens B, Hoet JJ 1990 Effect of a low protein diet
during pregnancy on the fetal rat endocrine pancreas. Biol Neonate 57:107–118

6. Petrik J, Reusens B, Arany E, Remacle C, Hoet JJ, Hill DJ 1999 A low protein
diet alters the balance of islet cell replication and apoptosis in the fetal and
neonatal rat, and is associated with a reduced pancreatic expression of insulin-
like growth factor-II. Endocrinology 140:4861–4873

7. Petrik J, Pell JM, Arany E, McDonald TJ, Dean WL, Reik W, Hill DJ 1999 Over
expression of insulin-like growth factor-II in transgenic mice is associated with
pancreatic islet cell hyperplasia. Endocrinology 140:2353–2363

8. Boujender S, Reusens B, Merezak S, Ahn M-T, Arany E, Hill DJ, Remacle
C 2002 Taurine supplementation to a low protein diet during foetal and early
postnatal life restores normal proliferation and apoptosis of rat pancreatic
islets. Diabetologia 45:856–866.

9. Boujendar, S, Arany E, Hill DJ, Remacle C, Reusens, B 2003 Taurine sup-
plementation during fetal life reverses the vascular impairment caused to the
endocrine pancreas by a low protein diet. J Nutrition 133:2820–2825

10. Lammert E, Cleaver O, Melton D 2001 Induction of pancreatic differentiation
by signals from blood vessels. Science 294:564–567

11. Hill DJ 1999 Fetal programming of the pancreatic �-cells and the implications
for postnatal diabetes. Semin Neonatol 4:99–113

12. Soria B 2001 In vitro differentiation of pancreatic �-cells. Differentiation 68:
205–219

13. Ahlgren U, Jonsson J, Jonsson L, Simu K, Edlund H 1998 �-cell-specific
inactivation of the mouse Ipf1/Pdx1 gene results in loss of the �-cell phenotype
and maturity onset diabetes. Genes Dev 12:1763–1768

14. Sander M, German S 1997 The � cell transcription factors and development
of the pancreas. J Mol Med 75:327–340

15. Bouwens L 1998 Transdifferentiation versus stem cell hypothesis for the re-
generation of islet �-cells in the pancreas. Microsc Res Tech 43:332–336

16. Lendahl U, Zimmerman LB, McKay RD 1990 CNS stem cells express a new
class of intermediate filament protein. Cell 60:585–595

17. Rachdi L, Ghazi LE, Bernex F, Panthier JJ, Czernichow P, Scharfmann R 2001
Expression of the receptor tyrosine kinase KIT in mature �-cells and in the
pancreas in development. Diabetes 50:2021–2028

18. Hunziker E, Stein M 2000 Nestin-expressing cells in the pancreatic islets of
Langerhans. Biochem Biophys Res Commun 271:116–119

19. Zulewski H, Abraham EJ, Gerlach MJ, Daniel PB, Moritz W, Muller B,
Vallejo M, Thomas MK, Habener JF 2001 Multipotential nestin-positive stem
cells isolated from adult pancreatic islets differentiate ex vivo into pancreatic
endocrine, exocrine, and hepatic phenotypes. Diabetes 50:521–533

20. Huang H, Tang X 2003 Phenotypic determination and characterization of
nestin-positive precursors derived from human fetal pancreas. Lab Invest
83:539–547

21. Lechner A. Leech CA, Abraham EJ, Nolan AL, Habener JF 2002 Nestin-
positive progenitor cells derived from adult human pancreatic islets of Lang-
erhans contain side population (SP) cells defined by expression of the ABCG2
(BCRP1) ATP-binding cassette transporter. Biochem Biophys Res Commun
293:670–674

22. Gao R, Ustinov J, Pulkkinen M-A, Lundin K, Korsgren O. Otonkoski T 2003
Characterization of endocrine progenitor cells and critical factors for their
differentiation in human adult pancreatic cell culture. Diabetes 52:2007–2015

23. Humphrey RK, Bucay N, Beattie GM, Lopez A, Messam CA, Cirulli V,
Hayek A 2003 Characterization and isolation of promoter-defined nestin-
positive cells from the human fetal pancreas. Diabetes 52:2519–2525

24. Treutelaar MK, Skidmore JM, Dias-Leme CL, Hara M, Zhan L, Simeone D,
Martin DM, Burant CF 2003 Nestin-lineage cells contribute to the microvas-
culature but not endocrine cells of the islet. Diabetes 52:2503–2512

25. Selander L, Edlund H 2002 Nestin is expressed in mesenchymal and not
epithelial cells of the developing mouse pancreas. Mech Dev 113:189–192

26. Lardon J, Rooman I, Bouwens L 2002 Nestin expression in pancreatic stellate
cells and angiogenic endothelial cells. Histochem Cell Biol 117:535–540

27. Klein T, Ling Z, Heimberg H, Madsen OD, Heller RS, Serup P 2003 Nestin
is expressed in vascular endothelial cells in the adult human pancreas. J His-
tochem Cytochem 51:697–706

28. Ianus A, Holz GG, Theise ND, Hussain M 2003 In vivo derivation of glucose-
competent pancreatic endocrine cells from bone marrow without evidence of
fusion. J Clin Invest 111:843–850

29. Hess D, Li L, Martin M, Sakano S, Hill DJ, Strutt B, Thyssen S, Gray DA,
Bhatia B 2003 Bone marrow derived stem cells initiate endogenous pancreatic
regeneration. Nat Biotechnol 21:763–770

30. Hales CN, Randle PJ 1963 Immunoassay of insulin with insulin antibody
precipitate. Biochem J 88:137–146

31. Hill DJ, Strutt B, Arany E, Zaina S, Coukell S, Graham CF 2000 Increased and
persistent circulating insulin-like growth factor-II in neonatal transgenic mice
suppresses developmental apoptosis in the pancreatic islets. Endocrinology
141:1151–1157

32. Arany E, Hill DJ 2000 Ontogeny of fibroblast growth factors in the early
development of the rat pancreas. Pediatr Res 48:389–403

33. Mathews V, Hanson PT, Ford E, Fujita J, Polonsky KS, Graubert TA 2004
Recruitment of bone marrow-derived endothelial cells to sites of pancreatic
�-cell injury. Diabetes 53:91–98

34. Cherif H, Reusens B, Ahn MT, Hoet JJ, Remacle C 1998 Effects of taurine on
the insulin secretion of fetal rat islets from dams fed a low protein diet. J
Endocrinol 159:341–348

35. Petropavlovskaia M, Rosenberg L 2002 Identification and characterization of
small cells in the adult pancreas: potential progenitor cells? Cell Tissue Res
310:51–58

36. Duvillie B, Attali M, Aiello V, Quemeneur E, Scharfmann R 2003 Label-
retaining cells in the rat pancreas. Localization and differentiation potential in
vitro. Diabetes 52:2035–2042

Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

Joanette et al. • Diet and Islet Precursor Cells Endocrinology, June 2004, 145(6):3004–3013 3013

 on October 17, 2006 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org

