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Abstract Replenishment of beta cell mass is a key aim of
novel therapeutic interventions for diabetes, and the implementation of new strategies will be aided by understanding the
mechanisms employed to regulate beta cell mass under normal physiological conditions. We have recently identified a
new role for the gut hormone peptide YY (PYY) and the
neuropeptide Y (NPY) receptor systems in the control of beta
cell survival. PYY is perhaps best known for its role in
regulating appetite and body weight, but its production by
islet cells, the presence of NPY receptors on islets and the
demonstration that Y1 activation causes proliferation of beta
cells and protects them from apoptosis, suggest a role for this
peptide in modulating beta cell mass. This review introduces
PYY and its potential role in glucose homeostasis, then focuses on evidence supporting the concept that PYY and NPY
receptors are exciting new targets for the preservation of beta
cells.
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Introduction
Replenishment of beta cell mass is a key target of novel
therapeutic interventions for insulin-dependent diabetes. Indeed, normoglycaemia is restored following islet transplantation, but only temporarily [1]. Apart from its transient nature,
transplantation is associated with the risk of surgical morbidity, adverse effects of chronic immunosuppression and an
insufficient supply of transplantable tissue. The need for alternative therapies is therefore urgent. The use of stem cells
programmed to adopt a beta cell-like phenotype is one approach under investigation, but this is limited by the need to
generate and then transplant the manipulated stem cells. Other
strategies with high therapeutic potential are based on the
exploitation of pre-existing cells within the islet itself. For
example, current approaches include regeneration of beta cell
mass from progenitor cells and reprogramming of acinar,
ductal or alpha cells and expansion of the residual beta cells.
Exploitation of these strategies and those that prevent beta cell
death will rely on understanding the mechanisms employed to
alter beta cell mass under normal physiological conditions,
such as during pregnancy or in obesity, or preserving beta cell
mass following injury. This will allow the identification of
targets likely to repopulate and/or protect beta cell mass. In
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this vein we have recently identified that the gut hormone
peptide YY (PYY) and the neuropeptide Y (NPY) receptor
systems have a potential new role in the control of beta cell
mass. This review introduces PYY and its potential role in
glucose homeostasis, then focuses on evidence supporting the
concept that PYY and NPY receptors are exciting new targets
for the preservation of beta cell mass. We anticipate that such
information will act as a springboard for further research in
this area.

Peptide YY
PYY is a gut hormone that was first isolated from porcine
intestine [2]. PYYand the related peptides NPYand pancreatic
polypeptide (PP) are composed of 36 amino acids and their
biological activity is dependent on the presence of an amide
group at the C-terminus. In the adult, PYY can be detected at
low levels in stomach enteroendocrine cells, and its concentration increases along the gastrointestinal tract such that its
highest expression is in colonic and rectal L cells, where it colocalises with the pro-glucagon products glicentin, glucagonlike peptide (GLP)-1 and GLP-2 [3]. PYY1–36 is a substrate
for the proteolytic enzyme dipeptidyl peptidase IV (DPP-IV),
which cleaves the N-terminal dipeptide to produce the major
circulating form of PYY, PYY3–36 [4, 5]. PYY is also found
centrally in neurons in the gigantocellular reticular nucleus of
the hindbrain from which they project to the dorsal vagal
complex and the hypoglossal nucleus [6]. Unlike in
the circulation, the predominant form of PYY found in the
brain is full-length PYY1–36 [7].
PYY is the first hormone identified in the colon during
development, and its expression is apparent in mouse
enteroendocrine cells as early as day 15.5 of gestation
(E15.5) [8]. Expression of other gastrointestinal hormones
such as GLP-1, cholecystokinin (CCK), neurotensin (NT),
substance P (SP) and ser otonin (also known as
5-hydroxytryptamine [5-HT]) occurs between days E16.5
and E18.5 in these early PYY cells [8]. These observations
have led to the suggestion that a common PYY-expressing
precursor cell gives rise to all colonic enteroendocrine cells.
However, while the co-expression is maintained in some cell
types throughout life, with approximately 50% of GLP-1-,
CCK- and NT-expressing cells also synthesising PYY, coexpression of SP and 5-HT in the same cells as any of PYY,
GLP-1, CCK or NT is very rare in the adult [9]. It is therefore
likely that L cells differentiate via two separate pathways, one
of which culminates in cells that synthesise SP and 5-HT,
while the other produces cells that synthesise GLP-1, PYY,
NT and CCK [9]. Plasma PYY levels are lowest in the absence
of food intake, and it is secreted from L cells within 30 min of
a meal, in response to the presence of nutrients in the distal
gastrointestinal tract [3]. Maximum PYY levels are observed
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in humans 1–2 h postprandially, and elevated levels are maintained for up to 6 h [10]. As in the distal gut, PYY expression
in the brain is nutritionally regulated, where states of energy
deficit decrease PYY expression [7].
PYY is best known as an anorectic peptide, and PYY3–36
administration reduces food intake and weight gain [11–14],
effects that are associated with increased c-Fos expression in
the arcuate nucleus (ARC) [11]. There are conflicting data on
the effect of PYY3–36 on arcuate food regulatory neurons. It
was originally reported that PYY3–36 decreased the expression
and secretion of the orexigenic neuropeptide NPY while stimulating activity of the anorexigenic pro-opiomelanocortin
(POMC) neurons [11]. However, other investigators have
demonstrated that PYY3–36 exerts inhibitory effects on POMC
neurons through activation of postsynaptic Y2 receptors [15].
Moreover, mice in which POMC has been deleted respond
appropriately to peripherally administered PYY3–36, with reductions in food intake, indicating that POMC is not essential
for transducing the anorectic effects of PYY 3–36. The
circumventricular organs have been shown to play a role in
the anorectic effects of PYY and its induction of c-Fos expression, since lesions of the area postrema and subfornical organ
in rats reduced the effectiveness of peripheral PYY [16]. In
addition to inhibiting food intake, PYY also delays gastric
emptying, inhibits intestinal motility, increases fluid and electrolyte absorption from the ileum and decreases pancreatic
secretions, and PYY locally produced in saliva has been
implicated in modulating taste responsiveness by activation
of Y2 receptors on taste buds [17–19].

Peptide YY expression in the endocrine pancreas
PYY is not only found in the gut and specific regions of the
central nervous system (CNS), but is also present in the
pancreas [20–22]. Since the gut and the pancreas share a
common embryological origin (the pancreas arises from an
out-pocket of the gut endoderm), it is not surprising that
intestinal and pancreatic cell lineage commitment have overlapping transcription factor cascades. Furthermore, cell fate
can be cross-committed during development. For example,
exposure of intestinal progenitor cells to GLP-1 in vitro converts them into insulin-producing cells [23], suggesting the
existence of a parallel developmental relationship between
intestinal and pancreatic endocrine cells. In agreement with
this, several studies have identified PYY expression in the
pancreas during the earliest stage of pancreatic endocrine cell
differentiation, when the pancreas buds from the foregut at
E9.5 in mice [24, 25]. A large proportion of these
PYY-positive cells also express glucagon and insulin and,
later in development, PYY is also found in cells that express
somatostatin and PP [25, 26]. However, as in the intestine, this
co-expression pattern is altered in adults, and recombination-
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based cell lineage tracing studies have demonstrated that most
islet alpha and beta cells in the adult are not direct descendants
of PYY-positive cells, despite PYY promiscuity early in development [27]. However, around 40% of alpha cells are
descended from PYY-positive cells [27] and, in the adult,
PYY is also expressed by subpopulations of delta and PP cells
[21, 25]. These observations are consistent with PYY being
present in a common islet progenitor cell but that its expression is silenced as beta cells mature [26]. They also implicate
PYY in the regulation of islet endocrine cell development.

NPY receptors in the brain and endocrine pancreas
PYY1–36 and PYY3–36 exert their effects through the NPY
family of G-protein-coupled receptors, which are also activated by NPY and PP. Four receptor subtypes (Y1, Y2, Y4 and
Y5) have been identified in humans [28], all of which are
widely distributed in the CNS and peripheral tissues. PYY1–36
binds with similar affinity to each of the NPY receptors, while
PYY3–36 is a selective, high-affinity agonist of Y2 receptors
[29]. Mice with targeted deletion of Y2 receptors are insensitive to the anorectic effects of PYY [11], while administration
of a highly selective Y2 receptor antagonist (BIIE0246) directly into the ARC also attenuates PYY-induced reductions in
food intake in rats [30]. These data implicate the ARC Y2
receptors as being key in transducing the anorectic effects of
PYY [15]. However, there is evidence to suggest that PYY3–36
may act via stimulation of vagal afferents [31, 32], in addition
to its central actions. The role of PYY3–36 in energy homeostasis has put it in the spotlight as a candidate for novel obesity
therapies, targeted either at regulating expression and release
of PYY, or activating hypothalamic Y2 receptors.
The NPY receptors through which PYY acts are also
expressed by a range of peripheral cells, including
cardiomyocytes [33], adipocytes [34] and gut epithelial cells
[35]. We have found that isolated human islets express
mRNAs encoding Y1, Y4 and Y5 receptors (NPY1R, NPY4R,
NPY5R mRNAs) [36], but the Y2 receptor (encoded by
NPY2R) that plays a key role centrally in mediating PYY
effects to repress food intake is not present in human islets.
In mouse islets and RIN 5AH rat insulinoma cells, expression
of Npy1r, but not Npy5r, mRNA has been demonstrated [37,
38]. Our quantification of mouse islet NPY receptor mRNAs
indicated that Npy1r is the most abundant subtype, with lower
concentrations of Npy4r mRNA (R. Drynda, G. A. Bewick,
S. J. Persaud, unpublished results), and similar observations
have recently been published [39]. We could not detect Npy5r
mRNA in mouse islets, in agreement with the earlier report
[37], and Npy2r mRNA was not present in mouse islets,
consistent with the human islet expression profile. Although
antibodies for detection of NPY receptors by western blotting
and immunohistochemistry are commercially available, to
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date there are no reports describing which cells of the endocrine pancreas express which of the receptor subtypes that
have been detected in rodent or human islets at the mRNA
level.

Peptide YY effects on glucose homeostasis
The synthesis of PYY in islet cells [26, 40] and our identification of NPY receptor expression by islets [36] suggests a
potential paracrine role for this peptide in regulating islet
function. In mice, intravenous administration of full-length
PYY inhibits insulin secretion stimulated either by glucose
or by the cholinergic agonist carbachol [21]. Consistent with
this, PYY knockout mice are hyperinsulinaemic, which has
been attributed to the absence of PYY, resulting in a loss of
inhibitory tone on insulin release [41]. These inhibitory effects
of PYY on beta cells are thought to occur through activation of
Y1 receptors, since NPY and PP, both of which are agonists at
Y1 receptors, inhibit insulin release from islets [42] and RIN
insulinoma cells [38]. The capacity of PYY1–36 to directly
inhibit insulin secretion has been confirmed by experiments
using rat and mouse islets, which demonstrated that this
peptide inhibits glucose-induced insulin release in vitro [39,
43]. In contrast to the inhibitory effects of full-length PYY on
insulin secretion, the truncated peptide PYY3–36, which selectively activates Y2 receptors, has no effect on glucosestimulated insulin secretion [39]. These observations are consistent with the absence of Y2 receptor expression by islets
and imply that the inhibition of insulin release by PYY1–36
occurs via direct activation of islet Y1 and/or Y4 receptors.
There may be species-specific effects of PYY on insulin
secretion. Thus, although there is a consensus that the fulllength peptide inhibits insulin release in rodents, intravenous
infusion of exogenous PYY into human volunteers did not
affect glucose-induced insulin secretion [44]. The effects of
PYY1–36 and PYY3–36 on insulin secretion from isolated
human islets in vitro have not been reported, and this is clearly
an area that requires further investigation.
PYY may also regulate glucose homeostasis through peripheral effects distinct from its interaction with islets. Peripheral administration of PYY3–36 or a Y2 receptor-selective
agonist into mice improved glucose tolerance by increasing
plasma insulin levels, an effect that was proposed to occur
through increased GLP-1 secretion [39]. In addition, PYY3–36
may also regulate glucose homeostasis by improving insulin
sensitivity, since intravenous PYY3–36 administration to
insulin-resistant mice during hyperinsulinaemic–euglycaemic
clamps increased their glucose disposal rate [45].
Taken together, these data support a direct inhibitory effect
of locally produced PYY1–36 on insulin release, at least in
rodents, and this may provide a paracrine physiological brake
to the various stimulatory inputs that beta cells receive, thus
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ensuring sensitive regulation of insulin release. In contrast,
circulating PYY3–36 is thought to improve glucose tolerance
through indirect stimulation of insulin secretion via the release
of GLP-1 from L cells and via improved insulin sensitivity.

Peptide YY endocrine precursor cells and islet cell
neogenesis
The potential significance of PYY in fetal pancreas formation,
as outlined above, suggests it could also be of importance in
pancreatic tissue renewal in the adult mouse, and some supportive evidence is provided by the IFNγ transgenic mouse
[46]. In this mouse model, IFNγ expression is driven in adult
and precursor beta cells by the insulin promoter, and it exhibits
spontaneous ductal hyperplasia and islet neogenesis throughout adulthood. IFNγ transgenic mouse islets have increased
numbers of PYY cells that co-express somatostatin, glucagon
or PP, but, interestingly, there is no increase in cells that
express both PPY and insulin. The specific accumulation of
PYY-expressing cell types during pancreatic regeneration in
the adult IFNγ mouse may implicate PYY in driving islet
endocrine cell expansion in this process. In addition, IFNγ
mice also exhibit greater numbers of PYY islet cells
co-expressing pancreatic and duodenal homeobox 1 (PDX-1),
a critical transcription factor controlling pancreatic

development and a master switch controlling beta cell fate
and identity. In agreement with this, PYY is also found
in a subset of PDX-1-positive cells during the early development of embryonic stem cell cultures before they mature into
adult islet cells [47]. Taken together, these observations are
consistent with PYY+PDX-1+ cells representing a pool of islet
progenitor cells from which regeneration can occur. However,
targeted deletion of PYY only prevents the development of PP
islet cells, whereas the other endocrine cell types are unaffected, suggesting that PYY is only critical for the terminal
differentiation of PP cells within islets [27]. PYY-expressing
cells may therefore be important intermediaries in the transition from early pancreatic progenitor to fully mature adult islet
endocrine cells, but it is likely that their role is permissive
rather than essential, given that adult beta cells do not appear
to be direct descendants of these cells [27]. In addition, it
remains to be determined if PYY drives any of these regenerative processes in the pancreas, but clearly there is enough
evidence to warrant further investigation of whether PYY is an
important target for islet and beta cell regeneration.

NPY receptor coupling and cell proliferation
All NPY receptors couple primarily through Giα to inactivate
adenylate cyclase and decrease cAMP synthesis, with a
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Fig. 1 Signalling pathways downstream of neuropeptide Y (NPY) receptor activation. The diagram shows the main pathways through which
NPY receptor family members signal when activated by NPY, peptide
YY (PYY) or pancreatic polypeptide (PP). All receptors couple via Giα to
inhibit adenylate cyclise (AC) and this represses signalling via the
cAMP/protein kinase A (PKA) pathway. Activation of phospholipase C
(PLC)-induced phosphatidylinositol bisphosphate (PIP2) hydrolysis to
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) may occur

via interaction with Gqα or Giβ/γ. DAG and Ca2+ mobilised following IP3
production activate protein kinase C, which results in increased phosphorylation and activation of the mitogen-activated protein kinases
(MAPKs) extracellular-regulated kinase (ERK)1 and ERK2, downstream
of MAPK kinase (MEK). ERK1/2 may also be activated by signalling
through the phosphatidylinositol-3-kinase (PI-3-K) cascade, and this
modifies transcription of genes that can induce cell proliferation and/or
decrease apoptosis. ER, endoplasmic reticulum
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consequent reduction in protein kinase (PKA) activity. In
addition, in some cell types, Y class receptors can activate
phospholipase C (PLC), either through coupling to Gq or via
the β/γ subunits of Gi. Diacylglycerol, which is generated
through PLC-mediated hydrolysis of phosphatidylinositol
bisphosphate activates PKC, which stimulates phosphorylation of the mitogen-activated protein kinases (MAPKs) extracellular signal-regulated kinase 1/2 (ERK1/2) through activation of the upstream kinase known as MAPK kinase (MEK)
(Fig. 1). A phosphatidylinositol-3-kinase (PI-3-K) pathway
upstream of ERK1/2 activation has also been identified, which
is thought to be activated via pertussis toxin-sensitive Gi
signalling [48]. Given the involvement of ERK1/2-mediated
gene transcription, it is not surprising that activation of these
receptors has been associated with driving proliferation in a
number of tissues. A role for NPY receptors in
neuroproliferation has been demonstrated by studies in which
mice with a targeted deletion of NPY contain half as many
dividing olfactory neuronal precursor cells as do wild-type
mice, resulting in the development of significantly fewer
olfactory neurons by adulthood [49]. In agreement with this,
NPY has also been shown to cause proliferation of hippocampal neuroblasts and dentate gyrus cells [50, 51]. The mitogenic
action of NPY on neurons is thought to be dependent on PKC
signalling and mediated by Y1, since a Y1, but not a Y2,
receptor agonist enhanced proliferation and Y1 deletion
abolished this effect [49]. In the periphery, NPY is mitogenic
in a number of different tissues. It stimulates the proliferation
of primary and clonal rat pre-adipocytes, and, similar to observation in neurons, these effects are mediated by Y1 receptors and involve the activation of ERK1/2 [34]. Furthermore,
in vascular smooth muscle the mitogenic action of NPY is
mediated by both Y5 and Y1 receptors [52] and, in
cardiomyocytes, Y2 receptors are also associated with NPY
stimulation of ERK1/2 [33]. Thus, there is strong evidence
that Y1, 2 and 5 receptors can drive proliferation in a range of
different cell types, raising the question as to whether these are
common pathways that could be targeted to restore beta cell
mass.
Interestingly, the most well characterised tissue in terms of
the proliferative role of Y1 is the gut epithelium, where both
PYY and NPY have been shown to stimulate colonic epithelial cell growth via PKC-dependent activation of ERK1/2 [53,
54]. This proliferative effect may also occur in human tissue,
since human colon epithelium and the colonic adenocarcinoma cell line HT-29 express Y1 receptors [55], and when the
human Y1 receptor is expressed in IEC-6 cells, a rat small
intestine epithelial cell line, PYY treatment increases cell
numbers [53]. Given the close relationship between the development of the gut and pancreas it is likely that these
proliferative effects also occur in islet cells. Indeed, it has
been demonstrated that Y1 receptor activation by NPY promotes bromodeoxyuridine (BrdU) incorporation into mouse
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islet beta cell DNA via ERK1/2 activation [56], consistent
with a role for Y1 receptors in stimulating beta cell
proliferation.

Peptide YY, NPY receptors and apoptosis
In addition to the reasonably well characterised proliferative
effects of NPY receptors they may also play an important role
in protecting cells from programmed cell death, with good
evidence that activation of Y1, Y2 and Y5 receptors prevents
apoptosis in neurons [57, 58]. The mechanism of action has
not been fully established, but in the case of Y1 receptors it
has been demonstrated that receptor stimulation increases
PKC epsilon activity [54], which couples via mitochondrial
pathways to inhibit apoptosis [59]. PYY also exhibits antiinflammatory actions by inhibiting nuclear factor κB (NF-κB)
in pancreatic cells [60], a cascade that protects beta cells
against cytokine-induced apoptosis [61]. Consistent with a
beta cell-protective effect of PYY, we have recently demonstrated that ablation of PYY-expressing cells in the adult
mouse causes a catastrophic disruption of islet architecture

PYY islet cells
Co-localised in
subpopulations of
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cells

Islet PYY1-36

Y1

Apoptosis

Y4
?

Y5 - humans
? only

Proliferation
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Fig. 2 Proposed role of islet PYY. Rodent islets express Y1 and Y4
receptors and human islets also express Y5 receptors. The Y2 receptor has
not been identified in rodent or human islets, consistent with observations
that PYY3–36, which is Y2-selective, does not alter insulin release or
protect against toxic insults to beta cells. Since the major form of circulating PYY is PYY3–36, we propose that local release of PYY1–36 from
subpopulations of alpha, delta and PP cells and the subsequent activation
of Y1, Y4 and/or Y5 provides a mechanism by which PYY can increase
beta cell proliferation and protect against beta cell apoptosis. Dotted line,
inhibitory; solid line; stimulatory
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and beta cell destruction, with consequent development of
insulin-dependent diabetes [40]. The possibility that PYY
may provide trophic support to beta cells is supported by our
demonstrations that beta cell loss following PYY cell ablation
or streptozotocin (STZ)-induced diabetes is arrested by administration of a long-acting PYY analogue that has high
affinity for Y1 and Y2 receptors [40]. Unsurprisingly, given
that beta cells do not express the Y2 receptor subtype, beta cell
loss was not rescued by the Y2-selective agonist PYY3–36.
The preservation of beta cells by the PYY analogue was not
associated with enhanced BrdU incorporation, suggesting that
Y1 activation ameliorated insulin loss by protecting beta cells
from an apoptotic signal triggered by the destruction of
PYY-expressing cells rather than by increasing beta cell proliferation. In addition, we have observed direct anti-apoptotic
effects of PYY analogues in vitro, where they protect MIN6
beta cells from cytokine-induced caspase 3/7 activation and
from STZ- and H2O2-induced cell death (G. A. Bewick,
S. Song and S. J. Persaud, unpublished results). Taken together, the currently available data provide compelling support for
NPY receptor activation transducing a protective signal that
can spare beta cells from apoptosis.
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currently under development [62], but it would complicate
the drug design and increase development costs. Even though
there remain hurdles to overcome, we anticipate that, by
answering these questions, NPY receptors can become bona
fide novel targets for the prevention and/or treatment of
diabetes.
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