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A B S T R A C T   

Pancreatic polypeptide (PP), a member of the neuropeptide Y (NPY) family of peptides, is a hormone secreted 
from the endocrine pancreas with established actions on appetite regulation. Thus, through activation of hy
pothalamic neuropeptide Y4 (NPY4R or Y4) receptors PP induces satiety in animals and humans, suggesting 
potential anti-obesity actions. In addition, despite being actively secreted from pancreatic islets and evidence of 
local Y4 receptor expression, PP mediated effects on the endocrine pancreas have not been fully elucidated. To 
date, it appears that PP possesses an acute insulinostatic effect, similar to the impact of other peptides from the 
NPY family. However, it is interesting that prolonged activation of pancreatic Y1 receptors leads to established 
benefits on beta-cell turnover, preservation of beta-cell identity and improved insulin secretory responsiveness. 
This may hint towards possible similar anti-diabetic actions of sustained Y4 receptor modulation, since the Y1 
and Y4 receptors trigger comparable cell signalling pathways. In terms of exploiting the prospective therapeutic 
promise of PP, this is severely restricted by a short circulating half-life as is the case for many regulatory peptide 
hormones. It follows that long-acting, enzyme resistant, forms of PP will be required to determine viability of the 
Y4 receptor as an anti-obesity and -diabetes drug target. The current review aims to refocus interest on the 
biology of PP and highlight opportunities for therapeutic development.   

1. Introduction 

In recent times incretin-based drugs have emerged as notable effec
tive therapeutic agents for the management of Type 2 diabetes mellitus 
(T2DM) and obesity [51]. These drugs focused on mimicking and 
extending the biological action profile of glucagon-like pepitide-1 
(GLP-1) [3]. However, recent FDA approval of a hybrid peptide with 
dual GLP-1 and glucose-dependent insulinotropic polypeptide (GIP) 
receptor modulating actions for T2DM, namely tirzepatide [39], dem
onstrates the antidiabetic efficacy of peptide therapies beyond GLP-1 
alone. As such, a related family of gut-derived peptide hormones, 
namely the neuropeptide Y (NPY), have generated interest in terms of 
exploitable therapeutic potential for obesity-diabetes in this regard. 

The NPY family consists of three structurally similar peptides, neu
ropeptide Y (NPY), pancreatic polypeptide (PP) and peptide tyrosine 
tyrosine (PYY), that all possess an amidated tyrosine residue at their C- 
terminus and a common tertiary PP-fold [12,95]. All NPY peptides are 
natural ligands of neuropeptide Y receptors (NPYR), a group of 
rhodopsin-like Gi-protein-coupled receptors (GPCR) linked to inhibition 

of cAMP production ([64]; Fig. 1A). To date, four NPYR subtypes (Y1, 
Y2, Y4 and Y5) have been characterised in humans [71], with receptor 
distribution evidenced both within the central nervous system (CNS) as 
well as peripheral organs [105,5]. NPYR6 (Y6) has also recently been 
observed in rodents with some postulated involvement in the regulation 
of energy homeostasis, but this receptor appears to exist as a pseudogene 
and is of no obvious physiological importance in the human setting [63]. 
Native PYY and NPY are known to bind to Y1, Y2 and Y5 receptor 
subtypes, whilst PP is a selective agonist for the Y4 receptor [71]. 

In terms of biological function, modulation of Y1 receptor activity is 
known to affect appetite [68] as well as pancreatic islet cell function 
[50]. Similar to Y1, the Y5 receptor is also associated with stimulation of 
appetite leading to increased energy intake [38]. Conversely, much 
attention has been directed towards activation of the Y2 receptor as an 
anti-obesity therapeutic target, given its ability to suppress appetite and 
reduce body weight [74]. However, Y4 receptor activity has also been 
implicated in the induction of satiety and regulation of energy meta
bolism, especially within the area postrema (AP) and nucleus tractus 
solitarius (NTS) [28] that are accessible to peripherally released PP. 
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Further to this, clear expression of Y4 receptors in the endocrine 
pancreas would also suggest a role for this receptor in islet function [45]. 
Nonetheless, the majority of literature deliberating therapeutic potential 
of the NPY family of peptides has concentrated on the Y2 receptor and 
anti-obesity actions [51,8]. Therefore, the current review will focus on 
PP and the Y4 receptor that has been somewhat neglected to date. 

2. PP discovery and evolution 

PP producing cells are located within the pancreas of most tetrapod 
vertebrates, including humans [23]. Accordingly, PP was first docu
mented in 1968 as an impurity during the isolation of insulin from avian 
pancreatic tissues [46], being later separated and fully characterised in 
1975 [47]. Indeed, early work attempting to decipher the immunoge
nicity of porcine insulin preparations documented production of insulin 
antibodies in humans that was ultimately shown to be a combination of 
antibodies against various islet hormones including PP [11,21]. PP was 
the first peptide to be identified among the NPY family, despite 
emerging later in evolution [55]. In this regard, evidence suggests that 
the PP gene appeared as a duplication of the PYY gene during the evo
lution of tetrapods [55]. However, the peptide was also recognised in 
early amphioxus (protochordate), a primitive form of fish, where 
endocrine pancreatic cells were located within the gut, of which PP was 
a significant constituent [75]. In contrast to the other members of the 
NPY family, sequence homology of PP is less well preserved among 
species [55] with only seven residues remaining conserved during 
evolution that are speculated to be important for protection of the 
essential PP-fold tertiary structure [23]. Thus, PP was present in evo
lution at a very early stage, but the amino acid sequence is somewhat 
different to that found in humans today. 

3. PP structure 

As the name suggests, the classic structural feature of the NPY family 
of peptides, namely the PP-fold, relates to its first demonstration in avian 
PP using X-ray crystallography [12]. The PP-fold contains a polyproline 
helix (residues 2–8) and an α-helix (residues 14–32) connected by a 
β-turn, forming a hairpin-like structure and small hydrophobic pocket 
within the molecule [12]. This structure is critically important for re
ceptor binding and bioactivity of the NPY peptides [34]. In that respect, 
it should be noted that evolutionary conservation of the Pro5 and Pro8 

residues, with Pro2 being present in most, but not all species, highlights 
the likely critical involvement of these amino acid residues for the 
polyproline helix of PP [23]. Furthermore, Gly9 is highly conserved 
across species, as is a Pro13 or Pro14 residue, suggesting their importance 
for preservation of the classic PP fold [24]. The α-helical region of PP is 
more variable across species, but hydrophobic residues are consistently 
found at positions 20, 24 and 28, again highlighting likely involvement 
in maintenance of the PP structural motif [24]. A further conformational 
aspect that has been shown to influential for PP biological activity re
lates to the C-terminus, since removal of the Tyr36 residue that is highly 
conserved in mammals, precludes physiological effects of PP [58]. 
Moreover, there is a suggestion that the key biological actions of PP 
reside predominantly within its C-terminal hexapeptide fragment [22], 
although further studies are required to confirm this. 

Importantly, PP is recognised by two regions of the Y4 receptor, with 
the PP-fold inserted into the hydrophobic receptor region at the top of 
transmembrane helix 2 (TM2), where Tyr27 is docked by Tyr2.64, and the 
C-terminal region of PP attached to transmembrane helices 6 and 7 
(TM6–7) with Arg33 and Tyr36 binding to Phe7.35 [72]. The most rec
ognised cell signaling cascade linked to Y4 receptor activation is inhi
bition of adenyl cyclase activity and cAMP formation, decreasing 
activity of downstream targets such as protein kinase A (Fig. 1A). 
However, the Y4 receptor has also been described to couple to a Gq 
protein in certain tissues, such as smooth muscle cells, that promotes 
generation of inositol 1,4,5-phosphate (IP3) ([66]; Fig. 1B), a typical 
downstream signaling molecule of Gq-protein-coupled receptors. 
Although, the overall impact of this lesser described Y4 intracellular 
pathway on the physiological action profile of PP, as described below, is 
relatively unknown. 

4. PP metabolism 

PP has a short biological half-life in human circulation of around 
7 min [1], being chiefly degraded by the proteolytic enzymes DPP-4 and 
neprilysin (NEP) (Fig. 2). While DPP-4 classically cleaves X-Pro di
peptides from the N-terminus of polypeptides, NEP tends to digest the 
molecule into smaller sequences consisting of 5–10 residues ([37,76]; 
Fig. 2). Similar to other regulatory peptides [26,100], N-terminal 
dipeptide cleavage of PP by DPP-4 severely impedes biological activity 
[25]. Equally, NEP-mediated proteolysis is also believed to exert an 
important impact on the bioactivity of PP [25], but the identity and 

Fig. 1. Proposed intracellular signalling pathways for PP in (A) pancreatic islet beta-cells and (B) smooth muscle cells. (A) The most described action of PP related to 
Gi-protein coupling linked to inhibition of cAMP production and decrease in activity of downstream activity such as PKA within islet cells. (B) There is also a 
suggestion that PP can couple with a Gq protein in certain tissues including smooth muscle, that promotes generation of IP3 through PLC activity. Abbreviations: AC, 
adenylyl cyclase; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; GDP, guanosine diphosphate; GEF, guanine nucleotide exchange factors; 
GTP, guanosine triphosphate; IP3, inositol 1,4,5-phosphate (IP3); PKA, protein kinase A; PP, pancreatic polypeptide. 
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biological profile of NEP-derived PP degradation products has not yet 
been fully established. Although, NEP has been suggested to cleave PP 
between Glu4 and Pro5, Val6 and Tyr7, Asp10 and Asp11, Asp11 and Ala12, 
Ala12 and Thr13, Ala22 and Asp23 as well as Arg26 and Arg27 (Fig. 2). 
Thus, fully enzymatic resistant forms of PP will likely be required to fully 
uncover both its overall physiological action profile as well as any 
related therapeutic benefits. 

5. PP distribution 

PP is principally expressed by a particular group of cells origi
nating from islet cells of the endocrine pancreas named PP-cells (also 
known as γ-cells or F-cells). It follows that PP is predominantly pro
duced from the pancreas in humans, but extrapancreatic secretion has 
been evidenced in some species including rats, dogs and possums 
[29]. Although PP-cells account for less than 5% of total pancreatic 
islet cell mass [14], PP-cell rich regions are found in the uncinate 
process with some slight extension to the surrounding pancreatic head 
[101]. In these specific islet areas PP-cells can account for over 50% of 
the islet cell count [101], advocating a possible functional role for PP 
in such regions. Interestingly, the development of T2DM has been 
linked to a preferential loss of insulin secreting beta-cells within the 
head of the pancreas [102]. Given pancreatic islet cells are known to 
utilise important paracrine signalling pathways [17], this could imply 
a role for PP in the pathogenesis of T2DM, but confirmation of such is 
still required. There was an initial suggestion that the PP-cell popu
lation increases in type 1 diabetes mellitus [33], but that has been 
challenged by others [78]. However, such inconsistencies could also 
be related to the part of the pancreas analysed, given PP cells are 
located predominantly in the uncinate process. There are also well 
characterised alterations of PP secretion in patients with chronic 
pancreatitis [87], that may be linked to early observations of PP cell 
hyperplasia in this condition [48]. Interestingly, PP has been 
demonstrated to improve abnormal glucose metabolism in patients 
with chronic pancreatitis [16], further highlighting a potentially 
important role for PP in this inflammatory disease. Of note, there are 
two types of PP-cells present in human pancreatic islets, either cells 
with electron-dense large secretory granules or those with 
electron-lucent, smaller secretory granules [90], but the significance 
of this in terms of normal physiology and disease is still unknown. 

6. PP secretion 

PP levels are elevated following nutrient ingestion, characterised by 
two distinct phases. In the initial cephalic phase, PP secretion signifi
cantly increases within a few minutes postprandially [60]. Such an effect 
that can be partially recapitulated by sham-feeding [85], but is abol
ished by vagotomy [83,86], highlighting a critical role of vagal trans
mission for PP hormone release. Indeed, this cholinergic pathway is 
considered to be the primary regulator of PP secretion [84]. The second 
phase is linked to the GIT and triggered by various enteric stimulus, 
including protein [104], lipid [1] and carbohydrates [62]. In addition, 

two other hormones appear to play a crucial role in the postprandial 
release of PP, namely cholecystokinin (CCK) and somatostatin (SST), the 
former being a stimulant and the latter a suppressant [59]. In addition, 
GIP has also been demonstrated to stimulate PP secretion [98], but the 
implication of this is not yet confirmed. Although, the GIP stimulatory 
effect, that appears to be dependent on calcium channel activity, has 
recently been confirmed following development of a new sandwich 
enzyme-linked immunosorbent assay for assessing mouse islet PP 
secretion [82]. Interestingly, there is a suggested link between glucagon 
and PP secretion [4], with GIP also known to directly modulate glucagon 
secretion [19], that could represent an as yet unexplored link between 
the complementary islet effects of PP and GIP. In addition, in a certain 
population of humans with T2DM, it has been proposed that PP could 
represent a biomarker for GIP receptor activation [97], further high
lighting a relationship between these peptide hormones. Circulating 
blood glucose concentrations can also regulate PP release, with hypo
glycaemia acting as a strong secretory stimulus [30] and a hyper
glycaemic environment suppressing hormone release [62]. In that 
respect, blockade of cholinergic signalling diminishes PP secretion in 
response to hypoglycaemia [83], in keeping with the idea that cholin
ergic, vagal stimulation is the overall most important factor regulating 
PP secretion [84]. 

7. PP physiological effects and therapeutic potential 

In terms of pancreatic effects, PP exerts insulinostatic actions [44,6] 
and has also been reported to inhibit both glucagon [4] and somatostatin 
[45] release. More recently, despite an inhibitory effect on insulin 
secretion, native PP has been shown to protect against beta-cell 
apoptosis [44], that could suggest possible benefits in diabetes. Inter
estingly, sustained activation of Y1 receptors also results in a similar 
positive effect on pancreatic beta-cell function [94]. In addition, PP is a 
recognised key player within the gut-brain axis, interacting with many 
other gut and pancreatic factors to help control overall metabolism [36]. 
As such, the primary physiological actions of PP uncovered to date are 
suppression of gastric emptying and appetite [40], as well as increasing 
energy expenditure [49]. In this regard, it has been demonstrated that 
PP gains access to the CNS via the dorsal vagal complex (DVC) that has a 
leaky blood-brain-barrier (BBB) [49], binding to abundant Y4 receptors 
located in this region to control energy balance [103]. However, the 
possibility that local PP secretion activates vagal afferents to modulate 
central energy homeostasis should not be discounted. Either way, PP 
appears to exert a negative effect on energy balance, raising the sug
gestion of therapeutic potential for obesity as an endogenous satiety 
signal. 

Accordingly, peripheral administration of PP results in reduced en
ergy intake in rodents [61] and healthy humans [7]. Indeed, a blunted 
PP secretion was first observed in obese hyperphagic Prader-Willi pa
tients [108] with exogenous PP application able to reduce food intake in 
these patients [9]. Furthermore, in people with bulimia nervosa, 
reduced circulating levels of PP in response to food ingestion are 
observed [69], whilst in anorexia nervosa plasma PP concentrations are 

Fig. 2. Amino acid sequence of PP highlighting potential cleavage sites for DPP-4 and NEP, as described by [25]. One letter amino acid abbreviations and the residue 
number within the sequence is provided. Dashed arrow shows DPP-4 cleavage site between amino acid residue numbers 2 and 3, with solid arrows denoting the 
various NEP cleavage sites. 
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elevated [25], which likely contributes to the pathophysiology of these 
disorders in humans. Nonetheless, to date there is little direct evidence 
that PP, or activation of Y4 receptors, can reduce body weight in 
humans. However, in agreement with an effect of PP to reduce appetite, 
rodent models overexpressing PP present with significant decreases in 
food consumption and suppression of gastric emptying [96]. Somewhat 
surprisingly, in contrast to the energy-negative characteristics of 
peripherally infused PP, direct CNS administration of PP exerts quite 
opposite effects. As such, PP injection into the Y4-rich region of the 
hypothalamus leads to increased food intake [18]. In a similar manner, 
Y4 receptor knock-out mice exhibit signs of reduced appetite and body 
weight [80,89]. These differences are intriguing and suggest the actions 
of PP in the periphery and CNS work in concert to exert an overall 
inhibitory effect on energy intake. Taken together, it is clear that the 
gut-brain axis has a significant impact on the biological action profile of 
PP, and this merits genuine consideration in terms of attempts to exploit 
PP therapeutically (Fig. 3), as discussed below. 

8. Pharmacotherapy 

8.1. PP as anti-obesity agent 

Obesity is generally linked to long-term excessive calorie intake 
leading to an energy imbalance [107], and is also an independent risk 
factor for the development of T2DM. In this regard, Y4 receptors 
represent an important aspect of negative energy balance [42] to 
directly regulate circadian food ingestion [28]. Specifically, the Y4 re
ceptor is known to operate in conjunction with Y2 receptors, as well as 
vagal afferents, to control energy intake and expenditure [28]. In the 
brain, PP activates Y4 receptors of the postrema region to trigger 
anorexic signals within the hypothalamus through modulation of the 
vago-vagal reflex arc, a system that conveys messages from the stomach 
to the brain, and then back to the stomach [57]. In this respect, acti
vation of α-melanocyte-stimulating hormone (α-MSH) signaling is 
considered a potential mechanism for the anorexic effect of hypotha
lamic Y4 receptor activation [57,79]. In addition, PP has also been 
shown to suppress appetite by inhibiting hypothalamic orexigenic 
pathways through down-regulation of the hunger-stimulating hormone 
orexin, while simultaneously increasing anorexigenic pathways through 
up-regulating brain-derived neurotrophic factor (BDNF) signaling [81]. 
This collective knowledge relating to the mechanisms of how PP mod
ulates energy intake is derived exclusively from rodent systems. 

It follows that although the satiety-inducing effects of PP have been 
established for some 40 years [10], clinical application in obesity has yet 

to be fully realised [99]. As suggested above, this could be related in part 
to the short biological half-life of native PP [25], as well as a more 
intense research focus on other satiety inducing peptide hormones such 
as GLP-1 and PYY [92]. In addition, whilst the mechanisms involved in 
PP-induced reductions of appetite have been investigated in rodents, 
related mechanistic pathways in humans remain to be fully elucidated, 
although inhibition of food intake is undoubtedly observed in both 
settings [7]. Moreover, recent evidence of pronounced appetite sup
pression and body weight lowering actions of combined regulatory 
peptide hormone receptor modulation, such as GLP-1 and Y2 [27], may 
see a rekindling of interest in Y4 receptor activating compounds as 
anti-obesity agents ([13,27]; Fig. 3). This combined therapy approach 
can often lead to milder adverse effect profiles due to decreased indi
vidual drug doses, alongside improvements in long-term weight-control 
([2,56]). Indeed, following initial positive outcomes of GLP-1 and PYY 
(3− 36) combination therapy [27], a dual GLP-1/Y2 receptor agonist has 
been characterised with prominent benefits on glucose regulation and 
body weight control [65]. In this regard, the possibility of Y4 receptor 
activation to augment generation of IP3 (Fig. 1B), a cell signaling 
pathway also employed by incretins [70], highlights potential comple
mentary GLP-1/Y4 receptor actions. This could suggest as yet untapped 
anti-obesity potential for GLP-1/Y4 receptor combination therapies that 
merits further detailed investigation (Fig. 3). 

8.2. PP as anti-diabetic agent 

A therapeutic role for PP in diabetes would initially seem unlikely 
given its general insulinostatic properties [44]. However, it has recently 
been documented that prolonged activation of specific pancreatic Y 
receptors can yield positive effects on islet cell function, including a 
marked upregulation of beta-cell proliferation/apoptosis ratios [106, 
50]. Accordingly, acute activation of Y1 receptors also evokes an 
inhibitory effect on insulin secretion [43], but more interestingly sus
tained stimulation of Y1 receptors in rodent models of diabetes leads to 
notable enhancements of pancreatic islet morphology and insulin 
secretion possibly due to induction of beta-cell rest, resulting in signif
icantly improved metabolic state [52,53,94]. We recognise that the islet 
effects of Y1 and Y4 receptor modulation may not be directly transfer
able, but consider this probable given that both receptor subtypes acti
vate almost identical cell signalling pathways [15]. Interestingly, these 
Y1 receptor agonists were derived from phylogenetically ancient fish 
PYY amino acid sequences, since enzyme-resistant peptides originating 
from the human PYY sequence lacked bioactivity [52], highlighting the 
challenges in synthesising enzymatically stable, bioactive, peptides of 

Fig. 3. A schematic summarising the 
potential anti-obesity and anti-diabetic 
actions of PP. Through activation of 
hypothalamic Y4 receptors PP can 
induce satiety and regulate energy 
expenditure to reduce body weight, and 
potentially augment centrally-mediated 
GLP-1 actions. In addition, modulation 
of pancreatic Y4 receptors can improve 
beta-cell turnover and preserve identity, 
alongside a complementary effect of 
augmentation of peripheral insulin ac
tion, to exert anti-diabetic actions. 
There is also a suggestion that PP can 
positively affect islet cell trans
differentiation events. Actions noted in 
italicised text are still hypothetical and 
require confirmation.   
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the NPY family. Some small molecular weight Y4 agonists have been 
characterised [41,88], but specificity and safety of such compounds for 
activation of peptide hormone receptors has long been of concern. 
Importantly, in good accord with observations utilising Y1 receptor 
modulation, PP-induced activation of pancreatic Y4 receptors has been 
demonstrated to possess beta-cell benefits such as protection against 
apoptosis [44], although full translation of such effects to the human 
setting is still required. Furthermore, PP has been reported to improve 
insulin sensitivity through enhancing the availability of haptic insulin 
receptors [77], an action conceivably linked to the ‘resting’ effect of PP 
on beta-cells and prevention of hyperinsulinaemia induced insulin re
ceptor downregulation [20]. Although still in its infancy, these obser
vations could suggest an important beta-cell protective effect of PP with 
obvious therapeutic benefits in T2DM (Fig. 3). 

Furthermore, the role of beta-cell dedifferentiation and alterations in 
islet cell lineage have recently emerged as significant events in the 
development and progression of T2DM [91]. In this regard, lineaging 
tracing of the Ppy gene, that encodes for PP, has uncovered important 
beta-cell heterogeneity that is dependent on Ppy gene activation [31]. 
Indeed, Ppy-positive cells have long been identified as essential for 
normal islet differentiation during development [35]. Moreover, it is 
now suggested that in the initial stages of diabetes development, where 
total beta-cell mass remains unchanged, an increase in the trans
differentaition of Ppy-positive cells towards insulin-positive beta-cells is 
a likely protective mechanism to preserve islet structure and function 
[31]. In full agreement, it has also been revealed that up to 40% of 
Ppy-positive islet cells can be reprogrammed to produce secretable in
sulin [73], demonstrating important plasticity of these cells for beta-cell 
regeneration. This concurs with the observed initial expansion of PP islet 
cell population in STZ-induced diabetic rodent models [44]. That said, 
as noted above, the majority of work relating to the impact of PP on islet 
cell function is restricted to observations from rodent cell lines and 
related in vivo models, with transferability to the humans setting still 
required. However, PP-producing islet cells obtained from deceased 
human donors can be reprogrammed to produce and secrete insulin in a 
glucose-dependent manner [32], highlighting potential translatability of 
these findings. Moreover, whilst alterations of islet cell lineage have 
been evidenced predominantly in rodent systems where cellular plas
ticity is believed to be more apparent [93], it is clear that fully mature 
human islet cells also possess capability to alter their identity in situ 
[67], that could be positively exploited by PP. 

In good agreement with these observations, activation of pancreatic 
Y1 receptors, that signal in an identical fashion to Y4 receptors [15], is 
linked to positive islet cell lineage alterations in diabetic rodents 
including transdifferentiation of alpha- to beta-cells that helps to retain 
overall beta-cell mass [54]. These more recent discoveries suggest 
genuine potential for PP in the treatment of T2DM related to numerous 
direct mechanisms that safeguard against loss of beta-cell mass (Fig. 3). 

9. Conclusion 

PP has established effects on appetite suppression providing poten
tial promise as an anti-obesity agent [7]. Although PP was discovered 
some 45 years ago [47] and is known to be largely secreted from the 
endocrine pancreas, a putative role for the hormone in islet cell function 
has been largely overlooked. However, recent knowledge that PP can 
protect against beta-cell destruction [44], as well as exerting probable 
important beneficial effects on islet cell transdifferentiation [31] and 
beta-cell rest [44], should bring about a resurgence of interest in the 
anti-diabetic properties of PP compounds and Y4 receptor activation. 
Future advances in our understanding of PP biology, coupled with 
appropriate therapeutic application likely linked to the development of 
enzyme-resistant, long-acting bioactive PP analogues, may well lead to 
the generation new and effective therapeutic agents for obesity and 
diabetes. 

CRediT authorship contribution statement 

All authors contributed equally to conception and design, analysis 
and interpretation of data. WZ drafted the manuscript, with NT, PRF and 
NI revising it critically for important intellectual content. All authors 
approved the final version of the manuscript. 

Data Availability 

No data was used for the research described in the article. 

Acknowledgments 

The authors work on the neuropeptide family of peptides has been 
supported by Invest Northern Ireland, Department for the Economy 
(DfE) Northern Ireland and Ulster University strategic research funding. 

Conflict of interest 

PRF and NI are named on patents filed by Ulster University for 
exploitation of incretin-based drugs and other peptide therapeutics. WZ 
and NT declare no conflict of interest. 

References 

[1] T.E. Adrian, G.R. Greenberg, H.S. Besterman, S.R. Bloom, Pharmacokinetics of 
pancreatic polypeptide in man, Gut 19 (1978) 907–909, https://doi.org/ 
10.1136/gut.19.10.907. 

[2] K. Alexiadou, O. Anyiam, T. Tan, Cracking the combination: gut hormones for the 
treatment of obesity and diabetes, J. Neuroendocrinol. 31 (2019), e12664, 
https://doi.org/10.1111/jne.12664. 

[3] R.E. Amori, J. Lau, A.G. Pittas, Efficacy and safety of incretin therapy in type 2 
diabetessystematic review and meta-analysis, J. Am. Med. Assoc. 298 (2007) 
194–206, https://doi.org/10.1001/jama.298.2.194. 

[4] F. Aragón, M. Karaca, A. Novials, R. Maldonado, P. Maechler, B. Rubí, Pancreatic 
polypeptide regulates glucagon release through PPYR1 receptors expressed in 
mouse and human alpha-cells, Biochim. Biophys. Acta BBA Gen. Subj. 1850 
(2015) 343–351, https://doi.org/10.1016/j.bbagen.2014.11.005. 

[5] J.A. Bard, M.W. Walker, T.A. Branchek, R.L. Weinshank, Cloning and functional 
expression of a human Y4 subtype receptor for pancreatic polypeptide, 
neuropeptide Y, and peptide YY, J. Biol. Chem. 270 (1995) 26762–26765, 
https://doi.org/10.1074/jbc.270.45.26762. 

[6] J.A. Bastidas, N.F. Couse, C.J. Yeo, R.E. Schmieg, D.K. Andersen, R.L. Gingerich, 
M.J. Zinner, The effect of pancreatic polypeptide infusion on glucose tolerance 
and insulin response in longitudinally studied pancreatitis-induced diabetes, 
Surgery 107 (1990) 661–668. 

[7] R.L. Batterham, C.W. Le Roux, M.A. Cohen, A.J. Park, S.M. Ellis, M. Patterson, G. 
S. Frost, M.A. Ghatei, S.R. Bloom, Pancreatic polypeptide reduces appetite and 
food intake in humans, J. Clin. Endocrinol. Metab. 88 (2003) 3989–3992, https:// 
doi.org/10.1210/jc.2003-030630. 

[8] B. Beck, Neuropeptide Y in normal eating and in genetic and dietary-induced 
obesity, Philos. Trans. R. Soc. B Biol. Sci. 361 (2006) 1159–1185, https://doi.org/ 
10.1098/rstb.2006.1855. 

[9] G.G. Berntson, W.B. Zipf, T.M. O’Dorisio, J.A. Hoffman, R.E. Chance, Pancreatic 
polypeptide infusions reduce food intake in Prader-Willi syndrome, Peptides 14 
(1993) 497–503, https://doi.org/10.1016/0196-9781(93)90138-7. 

[10] S.R. Bloom, Hormonal peptides of the gastrointestinal tract, Eur. J. Clin. Investig. 
9 (1979) 111–113, https://doi.org/10.1111/j.1365-2362.1979.tb01676.x. 

[11] S.R. Bloom, T.E. Adrian, A.J. Barnes, J.M. Polak, Autoimmunity in diabetics 
induced by hormonal contaminants of insulin, Lancet 1 (1979) 14–17, https:// 
doi.org/10.1016/s0140-6736(79)90455-0. 

[12] T.L. Blundell, J.E. Pitts, I.J. Tickle, S.P. Wood, C.-W. Wu, X-ray analysis (1. 4-Å 
resolution) of avian pancreatic polypeptide: Small globular protein hormone, 
Proc. Natl. Acad. Sci. 78 (1981) 4175–4179, https://doi.org/10.1073/ 
pnas.78.7.4175. 

[13] T. Borner, C.E. Geisler, S.M. Fortin, R. Cosgrove, J. Alsina-Fernandez, M. Dogra, 
S. Doebley, M.J. Sanchez-Navarro, R.M. Leon, J. Gaisinsky, et al., GIP Receptor 
agonism attenuates GLP-1 receptor agonist–induced nausea and emesis in 
preclinical models, Diabetes 70 (2021) 2545–2553, https://doi.org/10.2337/ 
db21-0459. 

[14] M.F. Brereton, E. Vergari, Q. Zhang, A. Clark, Alpha-, Delta- and PP-cells, 
J. Histochem. Cytochem. 63 (2015) 575–591, https://doi.org/10.1369/ 
0022155415583535. 

[15] S.P. Brothers, C. Wahlestedt, Therapeutic potential of neuropeptide Y (NPY) 
receptor ligands, EMBO Mol. Med. 2 (2010) 429–439, https://doi.org/10.1002/ 
emmm.201000100. 

[16] F.C. Brunicardi, R.L. Chaiken, A.S. Ryan, N.E. Seymour, J.A. Hoffmann, H. 
E. Lebovitz, R.E. Chance, R.L. Gingerich, D.K. Andersen, D. Elahi, Pancreatic 

W. Zhu et al.                                                                                                                                                                                                                                     

https://doi.org/10.1136/gut.19.10.907
https://doi.org/10.1136/gut.19.10.907
https://doi.org/10.1111/jne.12664
https://doi.org/10.1001/jama.298.2.194
https://doi.org/10.1016/j.bbagen.2014.11.005
https://doi.org/10.1074/jbc.270.45.26762
http://refhub.elsevier.com/S0196-9781(22)00189-9/sbref6
http://refhub.elsevier.com/S0196-9781(22)00189-9/sbref6
http://refhub.elsevier.com/S0196-9781(22)00189-9/sbref6
http://refhub.elsevier.com/S0196-9781(22)00189-9/sbref6
https://doi.org/10.1210/jc.2003-030630
https://doi.org/10.1210/jc.2003-030630
https://doi.org/10.1098/rstb.2006.1855
https://doi.org/10.1098/rstb.2006.1855
https://doi.org/10.1016/0196-9781(93)90138-7
https://doi.org/10.1111/j.1365-2362.1979.tb01676.x
https://doi.org/10.1016/s0140-6736(79)90455-0
https://doi.org/10.1016/s0140-6736(79)90455-0
https://doi.org/10.1073/pnas.78.7.4175
https://doi.org/10.1073/pnas.78.7.4175
https://doi.org/10.2337/db21-0459
https://doi.org/10.2337/db21-0459
https://doi.org/10.1369/0022155415583535
https://doi.org/10.1369/0022155415583535
https://doi.org/10.1002/emmm.201000100
https://doi.org/10.1002/emmm.201000100


Peptides 160 (2023) 170923

6

polypeptide administration improves abnormal glucose metabolism in patients 
with chronic pancreatitis, J. Clin. Endocrinol. Metab. 81 (1996) 3566–3572, 
https://doi.org/10.1210/jcem.81.10.8855802. 

[17] A. Caicedo, Paracrine and autocrine interactions in the human islet: more than 
meets the eye, Semin. Cell Dev. Biol. 24 (2013) 11–21, https://doi.org/10.1016/j. 
semcdb.2012.09.007. 

[18] R.E. Campbell, M.S. Smith, S.E. Allen, B.E. Grayson, J.M.H. ffrench-Mullen, K. 
L. Grove, Orexin neurons express a functional pancreatic polypeptide Y4 receptor, 
J. Neurosci. 23 (2003) 1487–1497, https://doi.org/10.1523/jneurosci.23-04- 
01487.2003. 

[19] R.S. Cassidy, N. Irwin, P.R. Flatt, Effects of gastric inhibitory polypeptide (GIP) 
and related analogues on glucagon release at normo- and hyperglycaemia in 
Wistar rats and isolated islets, Biol. Chem. 389 (2008) 189–193, https://doi.org/ 
10.1515/BC.2008.019. 

[20] H.H. Cen, B. Hussein, J.D. Botezelli, S. Wang, J.A. Zhang, N. Noursadeghi, 
N. Jessen, B. Rodrigues, J.A. Timmons, J.D. Johnson, Human and mouse muscle 
transcriptomic analyses identify insulin receptor mRNA downregulation in 
hyperinsulinemia-associated insulin resistance, FASEB J. 36 (2022), e22088, 
https://doi.org/10.1096/fj.202100497RR. 

[21] R.E. Chance, M.A. Root, J.A. Galloway, The immunogenicity of insulin 
preparations, Acta Endocrinol. Suppl. 205 (1976) 185–198. 

[22] R.E. Chance, M. Cieszkowski, J. Jaworek, S.J. Konturek, J. Swierczek, J. Tasler, 
Effect of pancreatic polypeptide and its C-terminal hexapeptide on meal and 
secretin induced pancreatic secretion in dogs, J. Physiol. 314 (1981) 1–9, https:// 
doi.org/10.1113%2Fjphysiol.1981.sp013685. 

[23] M.J. Conlon, The origin and evolution of peptide YY (PYY) and pancreatic 
polypeptide (PP), Peptides 23 (2002) 269–278, https://doi.org/10.1016/S0196- 
9781(01)00608-8. 

[24] M.J. Conlon, B. Bjørnholm, F.S. Jørgensen, J.H. Youson, T.W. Schwartz, Primary 
structure and conformational analysis of peptide methionine—tyrosine, a peptide 
related to neuropeptide Y and peptide YY isolated from lamprey intestine, Eur. J. 
Biochem. 199 (1991) 293–298, https://doi.org/10.1111/j.1432-1033.1991. 
tb16123.x. 

[25] J. Cuenco, J. Minnion, T. Tan, R. Scott, N. Germain, Y. Ling, R. Chen, M. Ghatei, 
S. Bloom, Degradation paradigm of the gut hormone, pancreatic polypeptide, by 
hepatic and renal peptidases, Endocrinology 158 (2017) 1755–1765, https://doi. 
org/10.1210/en.2016-1827. 

[26] C.F. Deacon, Circulation and degradation of GIP and GLP-1, Horm. Metab. Res. 36 
(2004) 761–765, https://doi.org/10.1055/s-2004-826160. 

[27] U. Dischinger, J. Hasinger, M. Königsrainer, C. Corteville, C. Otto, M. Fassnacht, 
M. Hankir, F.J.D. Seyfried, Toward a medical gastric bypass: chronic feeding 
studies with liraglutide + PYY3-36 combination therapy in diet-induced obese 
rats, Front. Endocrinol. 11 (2021), 598843, https://doi.org/10.3389/ 
fendo.2020.598843. 

[28] M.E. Edelsbrunner, E. Painsipp, H. Herzog, P. Holzer, Evidence from knockout 
mice for distinct implications of neuropeptide-Y Y2 and Y4 receptors in the 
circadian control of locomotion, exploration, water and food intake, 
Neuropeptides 43 (2009) 491–497, https://doi.org/10.1016/j.npep.2009.08.007. 

[29] E. Ekblad, F. Sundler, Distribution of pancreatic polypeptide and peptide YY, 
Peptides 23 (2002) 251–261, https://doi.org/10.1016/S0196-9781(01)00601-5. 

[30] J.C. Floyd, S.S. Fajans, S. Pek, R.E. Chance, A newly recognized pancreatic 
polypeptide; plasma levels in health and disease, Recent Prog. Horm. Res. 33 
(1976) 519–570, https://doi.org/10.1016/b978-0-12-571133-3.50019-2. 

[31] T. Fukaishi, Y. Nakagawa, A. Fukunaka, T. Sato, A. Hara, K. Nakao, M. Saito, 
K. Kohno, T. Miyatsuka, M. Tamaki, et al., Characterisation of Ppy-lineage cells 
clarifies the functional heterogeneity of pancreatic beta cells in mice, 
Diabetologia 64 (2021) 2803–2816, https://doi.org/10.1007/s00125-021- 
05560-x. 

[32] K. Furuyama, S. Chera, L. van Gurp, D. Oropeza, L. Ghila, N. Damond, H. Vethe, J. 
A. Paulo, A.M. Joosten, T. Berney, et al., Diabetes relief in mice by glucose- 
sensing insulin-secreting human α-cells, Nature 567 (2019) 43–48, https://doi. 
org/10.1038/s41586-019-0942-8. 

[33] W. Gepts, J. De Mey, M. Marichal-Pipeleers, Hyperplasia of ‘pancreatic 
polypeptide’-cells in the pancreas of juvenile diabetics, Diabetologia 13 (1977) 
27–34, https://doi.org/10.1007/BF00996324. 

[34] N. Germain, J.S. Minnion, T. Tan, J. Shillito, C. Gibbard, M. Ghatei, S. Bloom, 
Analogs of pancreatic polypeptide and peptide YY with a locked PP-fold structure 
are biologically active, Peptides 39 (2013) 6–10, https://doi.org/10.1016/j. 
peptides.2012.10.010. 

[35] P.L. Herrera, J. Huarte, R. Zufferey, A. Nichols, B. Mermillod, J. Philippe, 
P. Muniesa, F. Sanvito, L. Orci, J.D. Vassalli, Ablation of islet endocrine cells by 
targeted expression of hormone-promoter-driven toxigenes, Proc. Natl. Acad. Sci. 
USA 91 (1994) 12999–13003, https://doi.org/10.1073/pnas.91.26.12999. 

[36] P. Holzer, F. Reichmann, A. Farzi, Neuropeptide Y, peptide YY and pancreatic 
polypeptide in the gut–brain axis, Neuropeptides 46 (2012) 261–274, https://doi. 
org/10.1016/j.npep.2012.08.005. 

[37] T. Idorn, F.K. Knop, M.B. Jørgensen, M. Christensen, J.J. Holst, M. Hornum, 
B. Feldt-Rasmussen, Elimination and degradation of glucagon-like peptide-1 and 
glucose-dependent insulinotropic polypeptide in patients with end-stage renal 
disease, J. Clin. Endocrinol. Metab. 99 (2014) 2457–2466, https://doi.org/ 
10.1210/jc.2013-3809. 

[38] A. Inui, Neuropeptide Y feeding receptors: are multiple subtypes involved? 
Trends Pharmacol. Sci. 20 (1999) 43–46, https://doi.org/10.1016/S0165-6147 
(99)01303-6. 

[39] A.M. Jastreboff, L.J. Aronne, N.N. Ahmad, S. Wharton, L. Connery, B. Alves, 
A. Kiyosue, S. Zhang, B. Liu, M.C. Bunck, et al., Tirzepatide once weekly for the 

treatment of obesity, N. Engl. J. Med. 387 (2022) 205–216, https://doi.org/ 
10.1056/NEJMoa2206038. 

[40] D.R. Jesudason, M.P. Monteiro, B.M.C. McGowan, N.M. Neary, A.J. Park, 
E. Philippou, C.J. Small, G.S. Frost, M.A. Ghatei, S.R. Bloom, Low-dose pancreatic 
polypeptide inhibits food intake in man, Br. J. Nutr. 97 (2007) 426–429, https:// 
doi.org/10.1017/S0007114507336799. 

[41] N. Kang, X.-L. Wang, Y. Zhao, Discovery of small molecule agonists targeting 
neuropeptide Y4 receptor using homology modeling and virtual screening, Chem. 
Biol. Drug Des. 94 (2019) 2064–2072, https://doi.org/10.1111/cbdd.13611. 

[42] G. Katsuura, A. Asakawa, A. Inui, Roles of pancreatic polypeptide in regulation of 
food intake, Peptides 23 (2002) 323–329, https://doi.org/10.1016/S0196-9781 
(01)00604-0. 

[43] D. Khan, S. Vasu, R.C. Moffett, N. Irwin, P.R. Flatt, Islet distribution of Peptide YY 
and its regulatory role in primary mouse islets and immortalised rodent and 
human beta-cell function and survival, Mol. Cell. Endocrinol. 436 (2016) 
102–113, https://doi.org/10.1016/j.mce.2016.07.020. 

[44] D. Khan, S. Vasu, R.C. Moffett, N. Irwin, P.R. Flatt, Influence of neuropeptide Y 
and pancreatic polypeptide on islet function and beta-cell survival, Biochim. Et. 
Biophys. Acta Gen. Subj. 1861 (2017) 749–758, https://doi.org/10.1016/j. 
bbagen.2017.01.005. 

[45] W. Kim, J.L. Fiori, Y.-K. Shin, E. Okun, J.S. Kim, P.R. Rapp, J.M. Egan, Pancreatic 
polypeptide inhibits somatostatin secretion, FEBS Lett. 588 (2014) 3233–3239, 
https://doi.org/10.1016/j.febslet.2014.07.005. 

[46] J. Kimmel, H. Pollock, R. Hazelwood, Isolation and characterization of chicken 
insulin, Endocrinology 83 (1968) 1323–1330, https://doi.org/10.1210/endo-83- 
6-1323. 

[47] J. Kimmel, L. Hayden, H. Pollock, Isolation and characterization of a new 
pancreatic polypeptide hormone, J. Biol. Chem. 250 (1975) 9369–9376, https:// 
doi.org/10.1016/S0021-9258(19)40653-4. 
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