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Abstract
Nutritional insufficiency during pregnancy has been 
shown to alter the metabolism of the offspring and can 
increase the risk of type 2 diabetes. The phenotype in 
the offspring involves changes to the morphology and 
functional capacity of the endocrine pancreas, and in 
the supporting islet microvasculature. �ancreatic β-cells 
possess a plastic potential and can partially recover 
from catastrophic loss. This is partly due to the exis-
tence of progenitors within the islets and the ability to 
generate new islets by neogenesis from the pancreatic 
ducts. This regenerative capacity is induced by bone 
marrow-derived stem cells, including endothelial cell 
progenitors and is associated with increased angio-
genesis within the islets. Nutritional insults in early life, 
such as feeding a low protein diet to the mother, impair 
the regenerative capacity of the β-cells. The mecha-
nisms underlying this include a reduced ability of β-cells 
to differentiate from the progenitor population, changes 
in the inductive signals from the microvasculature and 
an altered presence of endothelial progenitors. Statin 
treatment within animal models was associated with 
angiogenesis in the islet microvasculature, improved 

vascular function and an increase in β-cell mass. This 
demonstrates that reversal of the impaired β-cell phe-
notype observed following nutritional insult in early life 
is potentially possible. 
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INTRODUCTION
Epidemiological studies have demonstrated that dietary 
restriction during pregnancy results in a reduced birth 
weight[1], leading to permanent changes in organ develop-
ment, including the endocrine pancreas[2] and contribut-
ing to an adult predisposition to several chronic disease 
conditions, including type 2 diabetes and cardiovascular 
disease. Using an established model of  dietary protein 
restriction during pregnancy and lactation, it has been 
extensively reported that dietary insufficiency in early life 
alters normal pancreatic development, which ultimately 
contributes to impaired glucose homeostasis in adult-
hood[3-7]. A low protein (LP) diet given to rats during 
pregnancy results in reduced β-cell mass (islet size) due 
to altered cell cycle kinetics and a lower proliferation rate 
but a greater incidence of  apoptosis. The endocrine pan-
creas demonstrates impaired glucose-stimulated insulin 
release and greater cytokine-induced cell death. Offspring 
of  LP-fed dams are glucose intolerant by 130 d of  age. 
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However, the nutritional insult early in life not only 
changes the β-cell phenotype but also has a profound 
effect on the micro-vasculature of  the pancreas. Intra-
islet vascular volume and endothelial cell vascular endo-
thelial growth factor (VEGF) receptor abundance were 
reduced in LP-fed offspring and both were reversed by 
supplementation of  the LP diet with taurine, an amino 
acid which normally is present at high concentrations 
within islets but which is depleted in animals exposed to 
a LP diet[7]. Islet vasculature is also diminished in other 
models of  intrauterine growth retardation such as uterine 
artery ligation of  the mother[8] and in that study, it was 
reversible by administration of  the glucagon-like poly-
peptide-1 analog, exendin 4, to the offspring, presumably 
by increasing β-cell-derived VEGF which promoted lo-
cal angiogenesis. We recently applied the LP diet model 
to the mouse and found that the β-cell regeneration that 
normally occurs in juveniles following depletion of  β-cell 
mass with streptozotocin (STZ) treatment was prevented 
if  the offspring had been previously exposed to a LP 
diet[9]. It is therefore possible that the phenotypic changes 
seen in the endocrine pancreas as a result of  nutritional 
insult in early life may represent impaired mechanisms of  
β-cell plasticity and that these relate to deficiencies in islet 
vasculogenesis. This review explores the capacity for β-cell 
plasticity, the relationship to the islet microvasculature 
and how such deficiencies might be reversed to prevent 
the risk of  future diabetes. 

DEVELOPMENT OF PANCREATIC β-CELLS 
Both islet endocrine cells and acinar tissue develop from 
pancreatic ductal epithelium during fetal and neonatal 
development in the rat and human fetus[10,11]. The initial 
development of  both lineages depends on the expression 
of  key transcription factors such as Pdx1 and Ptf1 within 
the ductal cells[10]. Pdx1 is also required in the mature β-cell 
where it trans-activates the insulin and GLUT2 gene 
promoters. Other transcription factors, including neuro-
genin-3 (Ngn3), β2/NeuroD, Pax-4 and -6, and Nkx2.2, 
are necessary to complete the differentiation of  individual 
endocrine cell lineages[12]. Pancreatic ductal cells or multi-
potential stem cells can be manipulated in vitro to yield 
islet-like structures with multiple endocrine cell types[13-15]. 
The number of  these structures can be potentiated by in-
troducing extracellular matrix (ECM)[16], or specific com-
binations of  growth factors such as activin, exendin-4, 
hepatocyte growth factor (HGF)[17], fibroblast growth fac-
tor-1 or leukemia inhibitory factor[18]. Regardless, the yield 
of  new β-cells is generally low, most likely because the 
optimal environment for β-cell generation requires other 
supporting cell types.

EVIDENCE OF ENDOGENOUS β-CELL 
REGENERATION 
Plasticity in β-cell mass is a physiological response and is 
seen during pregnancy[19,20] and with obesity[21]. A delicate 

balance of  proliferation and apoptotic loss maintains 
β-cell mass in vivo. The human fetus and neonatal rodent 
undergo significant remodeling of  their endocrine pan-
creas involving β-cell proliferation, neogenesis and apop-
tosis[22]. In humans there is histological evidence of  β-cell 
neogenesis and a regenerative response in children and 
adolescents with type 1 diabetes[23,24]. Recently, prolifera-
tion of  remaining β-cells was shown in deceased patients 
with new onset type 1 diabetes but not in those with 
long-standing disease or type 2 diabetes[25]. 

The origins of  new β-cells in animal models of  re-
generation are various. Partial pancreatectomy induced 
the expansion of  both endocrine and exocrine pancreatic 
mass[26,27], while injection of  STZ into young rodents was 
shown to induce islet neogenesis from the ducts, similar 
to that occurring in embryogenesis[28]. Pancreatic duc-
tal ligation has been shown to stimulate a doubling of  
β-cell mass in adult rats[29] by both islet neogenesis and 
hypertrophy of  existing β-cells[30]. Surviving β-cells have 
been shown to spontaneously proliferate after cessation 
of  their selective doxycycline-induced apoptosis by diph-
theria toxin[31], supporting the concept that during regen-
eration β-cells are released from a tight control of  cell 
replication. However, hormone-negative cells expressing 
Thy1.1 and CD133 have been identified in adult rat pan-
creatic ducts that subsequently expressed Pdx1 and both 
insulin and glucagon[32]. Similar duel insulin and glucagon-
expressing cells have been identified in neonatal rat islets 
during β-cell regeneration following STZ treatment[33] 
and could represent resident endocrine cell progenitors. 
Seaberg et al[34] showed that multi-potential pancreatic 
stem cells existed within mouse islets and pancreatic 
ducts but were extremely rare. Conversely, Dor et al[35] and 
Nir et al[36] showed that following partial pancreatectomy, 
repopulation of  β-cells within mouse islets occurred 
solely by replication of  existing β-cells. A number of  re-
ports now show this conclusion to be misinterpreted. 

Liu et al[37] used the same mouse model as Dor et al[35], 
where β-cells were lineage-tagged with human placental 
alkaline phosphatase (HPAP) to show that β-cell pro-
genitors existed within the islets with little or no insulin 
expression and that these proliferated following β-cell 
depletion with STZ. Such cells were in the periphery of  
the islets and expressed the transcription factor MafB, 
a marker of  immature β-cells. Similarly, Szabat et al[38] 
identified cells in mouse islets that were Pdx1-positive 
but insulin-negative, and which co-expressed MafB and 
Nkx2.2. These could mature into insulin-expressing β-cells 
in vitro that expressed MafA and Glut2, or could remain as 
progenitors. Finally, Thorel et al[39] showed that after near-
total induced β-cell loss, new β-cells could be generated 
by trans-differentiation from α-cells. We have utilized the 
transgenic mouse model of  Melton[35], in which approxi-
mately 30%-40% of  β-cells and their subsequent progeny 
are genetically tagged with HPAP, to show that neonatal 
islets can be de-differentiated to a progenitor cell popula-
tion in vitro and subsequently re-differentiated into pseu-
do-islet structures that express many of  the transcription 
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factor signatures of  functional β-cells[40]. HPAP-tagged 
β-cells contribute both to the de-differentiated and re-dif-
ferentiated cell populations. In summary, in postnatal life 
β-cell regeneration seems to predominantly occur within 
existing islets but may proceed both from a differentiation 
of  resident progenitors and by the proliferation of  mature 
β-cells. Additionally, substantial plasticity exists within ex-
isting β-cells, at least in vitro, to de-differentiate to a more 
primitive progenitor phenotype and subsequently to re-
differentiate back into endocrine cells.

CONTRIBUTION OF THE 
MICROVASCULATURE TO β-CELL 
REGENERATION 
Pancreatic islet vascular endothelium can induce β-cell 
growth, differentiation and function through the actions 
of  paracrine growth factors and through integrin signals 
across the shared basement membrane[41,42]. Paracrine ac-
tions within the islet allow a synthesis of  VEGF from the 
β-cells which contributes to endothelial cell proliferation, 
while a reciprocal production of  HGF by the endothelial 
cells promotes β-cell growth[43]. We found that administra-
tion of  STZ in the young rat not only caused a loss of  
β-cells, but an associated decrease in islet vasculature and 
that recovery of  β-cell mass only occurred subsequent to 
recovery of  the microvasculature[44]. However, the β-cellcell 
regenerative environment is likely to include not only vas-
cular endothelium, but also the endothelial precursor cells 
(EPC)[45], mesenchymal stromal cells and bone marrow-
derived hematopoietic lineage stem cells. Understanding 
how these components contribute to the regenerative en-
vironment and their communication with β-cells or their 
progenitors is key to understanding the control of  β-cell 
regeneration.

BONE MARROW STEM CELLS AND 
β-CELL REGENERATION
Transplantation of  bone marrow progenitor cells was 
shown by us and others to cause a reversal of  hyperglyce-
mia in animal models of  diabetes and in newly diagnosed 
individuals with type 1 diabetes[46-49]. The ability of  such 
cells to selectively home to damaged tissues has been 
variously linked to their expression of  L-selectin[50], β2-
integrins[51] and stromal cell-derived factor-1[52]. In some 
studies, a direct trans-differentiation of bone marrow-, a direct trans-differentiation of bone marrow- a direct trans-differentiation of  bone marrow-
derived stem cells into insulin-positive β-cells was dem-
onstrated, either in vivo or following in vitro lineage manip-
ulation[53-55] but the direct contribution of  bone marrow 
stem cells to new β-cells has generally been found to be 
low and inconsistent with the resulting increase in insulin 
secretion and/or normalization of  blood glucose[46,56-58]. 
However, following bone marrow stem cell transfer, islet 
neovascularization was seen[46,59], accompanied by an in- accompanied by an in-
crease in endogenous β-cells by replication or neogenesis 
of  new islets from the pancreatic ducts[46,56]. There is 

debate as to which bone marrow-derived cells ‘induce’� 
β-cell regeneration. Yoder et al[60] concluded that bone 
marrow contained both pro-angiogenic hematopoietic 
progenitors of  myeloid/monocyte lineage and true EPC 
that were not of  hematopoietic lineage. Pro-angiogenic 
hematopoietic progenitors were hypothesized to function 
as paracrine supportive cells that induced vasculogenesis 
and tissue regeneration but the majority did not form 
functional endothelial cells. In the context of  β-cell re-
generation, these cells would be synergistic to the direct, these cells would be synergistic to the direct these cells would be synergistic to the direct 
interactions known to occur between vascular endothe-
lium and β-cells. In most papers, pro-angiogenic hema-, pro-angiogenic hema- pro-angiogenic hema-
topoietic progenitors and true EPC are not distinguished 
between and are collectively described as EPC. and are collectively described as EPC.

An alternate mechanism whereby hematopoietic 
lineage stem cell progeny could contribute to β-cell repli-
cation is by the generation of  macrophages. In the mac-
rophage-deficient colony stimulating factor 1 knock-out 
mouse (op/op), animals develop osteopetrosis as adults 
but young animals demonstrated abnormal islet mor-
phogenesis, a much reduced β-cell mass and deficiencies 
in β-cell replication[61]. Islet neogenesis at the pancreatic 
ducts was enhanced, suggesting that islets could form 
but the β-cell population could not expand appropriately. 
There is also evidence that macrophages have a key role 
in islet angiogenesis through the expression of  matrix 
metalloproteinase-9[62].

Most studies on the contribution of  bone marrow-
derived stem cells to β-cell survival or regeneration have 
transplanted cells with a genetic tag, such as green fluo-
rescent protein, into irradiated recipient animals made 
diabetic with STZ or into diabetes-prone animals such 
as the NOD mouse[63,64]. As little as 1% allogeneic chi-
merism of  repopulated marrow was able to reverse dia-
betes in the latter[64]. However, in human pancreata from 
individuals who had previously received hematopoietic 
stem cell transplants from the opposite gender, there 
was no evidence of  colonization within the islets[65]. The 
mobilization of  bone marrow stem cells to colonize the 
pancreas appears to be linked to the presence of  pan-
creatic tissue damage in either the endocrine or exocrine 
compartments[62]. It cannot be assumed that the bone 
marrow-derived cells will be of  equivalent lineage pheno-
type when they colonize the pancreas vs their subsequent 
ability to induce β-cell renewal. The entire environment 
of  the pancreas following β-cell loss, including bone 
marrow-derived cells, the remodeled ECM and the cyto-
kine/growth factor milieu, is likely to represent the com-
bined elements necessary to optimize β-cell regeneration.

We utilized mice expressing Cre recombinase under 
control of  the Vav promoter, which were crossed with 
ROSA26 yellow fluorescent protein (YFP) transgenic 
mice, such that hematopoietic lineage cells and their prog-
eny could be tracked[66]. The Vav gene is ubiquitously but 
specifically expressed by all hematopoietic lineage cells 
where it functions as a signal transduction molecule and it 
remains active on differentiated cell progeny including T 
cells, B cells and macrophages[67]. YFP-tagged cells were 
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located within the pancreas at all ages, lining the ductal 
epithelium and around and within the islets. Following 
STZ treatment, the presence of  these cells was signifi-
cantly increased, temporally corresponding with a recov-
ery of  β-cell mass. No co-localization of  insulin or other 
pancreatic endocrine hormones was found in the hemato-
poietic lineage cells but approximately 30% of  such cells 
co-stained with CD31, a marker of  macrophages, EPC 
and endothelial cells, which significantly increased after 
STZ. A sub-population of  hematopoietic lineage cells 
around the islets demonstrated the macrophage markers 
F4-80 and Mac-1 and some large YFP-positive cells with-
in the islets showed a nuclear presence of  Pdx1 and could 
be endocrine progenitors. This strongly suggests that en-
dogenous bone-marrow-derived stem cells are involved in 
β-cell recovery after induced diabetes. 

EVIDENCE THAT EARLY NUTRITIONAL 
INSULTS IMPAIR β-CELL REGENERATION
Exposure to a LP diet during gestation affected pancre-
atic endocrine plasticity postnatally as mice were unable 
to recover β-cell mass following exposure to STZ[9]. In 
female animals, this was associated with a reduced num-
ber of  islets relative to STZ treatment alone but this was 
not seen in males. Other studies have also shown that 
nutrient deficiency early in life affects tissue plasticity. A 
LP diet during gestation significantly impaired recovery 
of  male adult rats following ischemia-reperfusion[68] while 
maternal calorie restriction during gestation and lactation 
impaired β-cell replacement after STZ treatment[69,70]. 
However, changes in islet morphometry resulting from 
prior exposure to dietary insult are not specific to β-cells, 
as the α-cell mass was also increased[9]. Thus, the change 
in islet tissue plasticity is likely to represent a fundamental 
change in phenotype in islet cell progenitors that contrib-
ute to multiple cell types. One type of  progenitor that has 
been characterized in islet cells expresses the transcrip-
tion factor Pdx1 but not insulin[38]. Such cells are rapidly 
able to differentiate into insulin-expressing β-cells in vitro 
and in vivo and may represent a strategic reserve of  latent 
β-cells that could be mobilized in situations of  extreme 
metabolic demand. We found that 4%-8% of  islet cells 
in neonatal mice were Pdx1-positive but insulin-negative 
by immune-histochemistry[9]. Following exposure of  mice 
to a LP diet during gestation, the offspring showed no 
change in the percentage of  such cells that were present 
within islets. However, after exposure to STZ, the num-
ber of  Pdx1-positive/insulin-negative cells was increased, 
which may indicate that normal maturational pathways 
that allow such cells to differentiate into functional β-cells 
are impaired following dietary insult.

Further evidence that dietary restriction in early life 
alters β-cell progenitor phenotype comes from manipu-
lation of  islets in vitro. We isolated islets from neonatal 
mouse islets previously exposed to a control diet or a LP 
diet fed to the mothers during gestation. Islets were de-
differentiated by culture for 4 wk on a type 1 collagen 

matrix in the presence of  epidermal growth factor to 
yield ductal epithelial cell-like monolayers[71]. The dou-
bling time of  cells from LP-fed offspring was significant-
ly prolonged. Cell monolayers were then re-differentiated 
to form pseudo-islets over 4 wk by culture on Matrigel 
in the presence of  insulin-like growth factor-Ⅱ (IGF-Ⅱ) 
and fibroblast growth factor-7. Cells derived from LP-fed 
mice demonstrated a relative impairment of  pseudo-islet 
formation and insulin content and release. The relative 
gene expression of  transcription factors involved in β-cell 
generation from precursors and endocrine hormones was 
determined by DNA microarray analysis. De-differentiat-
ed islet cultures showed a reduction in the expression of  
Pdx1, Pax6 and Ngn3, and of  insulin and somatostatin 
mRNAs (Table 1). After pseudo-islets were subsequently 
generated, the expression of  each of  these genes re-
turned to values close to those seen in fresh islets if  the 
donor animals had been exposed to the control diet. 
However, in animals exposed to the LP diet, pseudo-islets 
did recover expression of  transcription factors, insulin 
or somatostatin to a similar extent. These results suggest 
that a maternal LP diet alters pancreatic endocrine stem 
cell presence and phenotype in the offspring, leading to 
reduced islet plasticity in postnatal life, and that this can 
be demonstrated in vitro.

Maternal malnutrition can also alter the develop-
ment of  tissue vasculogenesis in the offspring, which 
may also limit β-cell plasticity through a disruption of  
endothelium-β-cell signaling. Offspring of  pregnant rats 
given a LP diet during gestation exhibit a reduction in 
capillary density in a variety of  tissues, including skeletal 
muscle, endometrium, ovaries and pancreatic islets[5,72-74]. 
Endothelial dilatation was similarly impaired[75]. Within 
the pancreas, the number of  EPC, characterized as being 
nestin and CD34-positive, was significantly reduced in 
offspring of  LP-fed mothers[6], which in other tissues has 
been associated with a reduced expression of  IGF-Ⅱ[76].

REVERSAL STRATEGIES: ABILITY OF 
STATINS TO INCREASE β-CELL MASS 
Statins are potent and safe drugs widely used to treat 
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Table 1  Changes in relative gene expression assessed by DNA 
microarray for monolayer cells cultures

Gene De-differentiate 
control diet

Re-differentiate 
control diet

Re-differentiate 
LP diet

Ins 1 -46.1  -0.1 -20.5
Somatostatin -61.2 +2.0   -5.6
Pdx1   -1.7  -0.4   -2.3
Pax6 -23.0  -0.4 -15.7
Ngn3   -2.5  -0.5   -1.5

Values represent fold differences in mRNA expression relative to freshly 
isolated neonatal mouse islets (n = 3). Cell cultures were derived from 
the de-differentiation of neonatal mouse islets and subsequently re-
differentiated to yield pseudo-islets. Donor animals were exposed to either 
control or low protein (LP) diet during gestation.
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familial dyslipidemia[77,78] and to lower cholesterol levels 
in patients with or at risk of  cardiovascular disease[79]. 
However, statins also exert pleiotropic actions unrelated 
to their cholesterol-lowering effect. These include im-
provements in endothelial cell function such as increased 
NO synthesis and anti-oxidant effects[80], stabilization and 
reduction of  atherosclerotic plaque[80-82] and inhibition 
of  inflammatory responses as measured by circulating 
C-reactive protein and cytokines. In offspring of  rats 
given a LP diet during gestation, blood vessel dilation was 
impaired but this was corrected by postnatal treatment 
with atorvastatin[83]. Diabetes is associated with a reduc-
tion in circulating EPC and their abundance in bone mar-
row[84]. This is likely be related to the increased presence 
of  oxidized LDL-cholesterol which has been shown to 
decrease EPC migration, differentiation into endothelial 
cells and survival[85]. Statin treatment increased the mo-
bilization of  EPC from bone marrow in a diabetic pig 
model[86], increased proliferation of  EPC in vitro[87] and 
delayed diabetes onset in two different mouse models of  
T1D, including STZ treatment[88]. This was independent 
of  inhibition of  HMG-CoA reductase activity[89]. 

Treatment of  neonatal rats with atorvastatin signifi-
cantly increased β-cell mass in both STZ-treated and con-
trol animals and improved glucose tolerance[90]. Atorvas-
tatin treatment was associated with an increased number 
of  intra-islet endothelial cells, suggesting that vasculogen-
esis had preceded the increase in β-cell mass. This was 
supported by an increase in the proportion of  intra-islet 
endothelial cells undergoing DNA synthesis and a paral-
lel increase in the proliferation rate of  adjacent β-cells. 
Hyperglycemia induced apoptosis in isolated human 
pancreatic islet endothelial cells but this was prevented by 
exposure to statin via the Akt intra-cellular survival path-
way[91]. It is not clear if  the trophic effects of  atorvastatin 
are exerted directly on the β-cells or if  they are mediated 
by secondary trophic effects that enhance migration of  
bone marrow-derived stem cells into the pancreas and/or 
islet vasculogenesis.

What is the potential for using statins to increase 
the islet microvasculature and enhance β-cell mass in 
humans? In individuals with type 1 diabetes of  duration 
greater than 10 years, treatment with atorvastatin for 6 mo  
in a placebo-controlled study resulted in a significant 
improvement in blood vessel flow-mediated dilation and 
C-reactive protein, a marker of  inflammation[92]. Similarly, 
in young adults with type 1 diabetes with a mean age 
of  34 years and normal blood cholesterol, just 6 wk of  
treatment with atorvastatin resulted in improved flow-
mediated dilation and reduced LDL-cholesterol[93]. Dia-
betic subjects with microalbuminurea similarly benefited 
from 6 wk of  atorvastatin therapy with a significant de-
crease in apolipoprotein B, LDL-cholesterol and oxidized 
LDL[94]. Young, normo-cholesterolemic males with type 
1 diabetes had endothelial dysfunction assessed by flow-
mediated dilation which improved significantly after only 
4 wk of  treatment with pravastatin and reached control 
patient values[95]. These beneficial effects of  statins on 

the vasculature of  individuals with diabetes were demon-
strated in the absence of  hypercholesterolemia. Recently, 
a randomized, placebo-controlled clinical trial tested the 
effect of  atorvastatin therapy over 18 mo on residual 
β-cell function in young adults with new onset type 1 
diabetes[96]. C-peptide levels were measured after a mixed 
meal test as an indicator of  endogenous insulin release. 
This gradually declined with time in both placebo and 
atorvastatin-treated subjects but was significantly better 
preserved with atorvastatin. This strongly suggests that 
statin treatment could help retain or enhance residual 
β-cell mass.

CONCLUSION
In summary, nutritional insults in early life result in de-
creased β-cell mass and function in the offspring that 
persists into adult life and provides increased risk of  
glucose intolerance and type 2 diabetes. This is likely to 
involve a restriction on β-cell plasticity that can be di-
rectly mediated through effects on β-cell progenitors and 
the function of  mature β-cells, but may also be indirect 
through a decreased islet vasculogenesis and availability 
of  EPC, resulting in an impaired trophic signaling be-
tween the vascular endothelium and the β-cell. Likely 
reversal strategies include the use of  statins to improve 
microvascular volume and function.
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