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Abstract 

Bariatric surgery in obese individuals leads to rapid and lasting remission of type 2 diabetes (T2D). 
This phenomenon occurs independently of weight loss possibly via a combination of factors. The 
incretin hormone GLP-1 has been recognized as a critical factor. However, recent data have 
indicated that the beneficial effects of surgery on glucose homeostasis may not be dependent on 
alterations in GLP-1 levels and that elevation in another gut hormone, peptide tyrosine tyrosine 
(PYY), may drive these effects. PYY is mainly released from the intestinal L-cells in response to 
nutrient transit. Its function is well characterized in appetite regulation through NPY receptors.  PYY 
is also locally expressed in the pancreas where it has been shown to modulate islet structure and its 
secretory properties via unknown mechanisms. Both impaired insulin and glucagon release in 
diabetic islets are restored by PYY pre-treatment, demonstrating that PYY can correct both hormonal 
defects associated with diabetes. Here we discuss recent findings on PYY-mediated control of 
glucose homeostasis and its role in diabetes, in context of what is known for GLP-1. Identification of 
factors that increase the expression of PYY following bariatric surgery and elucidation of its role in 
diabetes reversal may have clinical relevance as a non-surgical therapy for T2D. 
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Glossary: 

Bariatric surgery: surgical procedures designed to achieve weight loss in obese patients. They 
include purely restrictive procedures which re-size the stomach volume (gastric binding, sleeve 
gastrectomy) or restrictive and malabsorptive procedures which divert the distal part of the small 
intestine to a small stomach pouch, bypassing the duodenum and jejunum (biliopancreatic diversion, 
gastric bypass). 

Incretins: hormones released after a meal, which stimulate the glucose-dependent secretion of 
insulin from beta-cells. Main examples are glucose-dependent insulinotropic peptide (GIP) and 
glucagon-like peptide-1 (GLP-1).  

 



Bariatric surgery as a treatment for diabetes  

The first line of evidence demonstrating improved glucose tolerance after bariatric surgery dates 
back to 1984[1]. Reversal in type 2 diabetes (T2D) was subsequently observed in 78% of patients 
post gastric bypass, triggering the interesting hypothesis that the metabolic defect in T2D lies 
between the gut and the islets[2, 3]. More recently, findings from a meta-analysis of 10000 patients 
have confirmed the high rate of diabetes remission and described additional beneficial effects of 
weight-loss surgery on metabolism[4]. Elevated insulin levels in diabetic patients return to normal 
within just a week of surgery and this phenomenon is sustained after 3 months[5]. Although weight 
loss may constitute an important component in the reversal of hyperglycaemia[6], it has negligible 
impact on early correction of diabetes which is documented to occur well before significant weight 
reduction. In addition, the restoration of insulin secretion in response to oral glucose following 
gastric bypass is not observed in patients after equivalent diet-induced weight loss[7]. On the whole, 
the beneficial effects of bariatric surgery have been so compelling that metabolic surgery is now 
being incorporated in the treatment algorithm of T2D[8-11]. Thus, new guidelines from the Second 
Diabetes Surgery Summit (DSS-II) recommends diabetes treatment by bariatric surgery for clinically 
obese patients as well as patients with a lower BMI of 30.0–34.9 kg/m2 when hyperglycemia is 
inadequately controlled by medical therapy.  

Several mechanisms and a combination of factors rather than a single one are likely to mediate the 
postoperative improvements in glucose homeostasis, including changes in bile acid metabolism and 
intestinal microbiome as recently reviewed[12]. However a strong positive association is observed 
between diabetes remission and surgical procedures that specifically modify the gut anatomy and 
nutrient transit in the duodenum indicating that gut-related factors may be critical. Gut hormone 
alterations after bariatric surgery have been extensively reported[13-15],of which  the incretin 
hormone glucagon-like peptide 1 (GLP-1) has been rated as a pivotal modulator[16]. However, the 
role of GLP-1 as the principle mediator of surgery-associated benefits remains inconclusive. On the 
other hand, recent findings have highlighted another intestinal hormone, peptide tyrosine tyrosine 
(PYY), as a crucial humoral factor in the recovery of impaired islet secretory functions and reversal of 
diabetes following RYGB in a rat model of T2D[17]. Nevertheless, its role on glucose homeostasis and 
in the pancreas remains underrated. The current review addresses this gap by a critical analysis of 
findings from human and rodent studies. In addition, it analyses the effects of PYY on pancreatic 
beta-cell renewal and secretory functions, in relation to its well-studied counterpart, GLP-1. 

 

The importance of gut hormones: PYY is an underestimated key factor 

The relevance of gastrointestinal factors in diabetes remission is emphasized by analysis of beta-cell 
function years after gastric bypass in diabetic patients[18]. Thus, Dutia et al. have reported that 
insulin response to isoglycemic intravenous glucose clamp remains impaired three years after 
surgery despite documented remission of diabetes within just a month. However, this dysfunction is 
fully reversed by oral glucose stimulation, highlighting the critical role of the oral route and gut-
derived factors in the improvement of beta-cell secretory capacity after RYGB. 

Among the gut peptides, GLP-1 has been deemed as a master regulator, initially based on bariatric 
surgery studies reporting elevated levels of the incretin in non-diabetic subjects in combination with 



enhanced insulin secretion and reduced circulating glucose concentrations in response to test 
meals[19].The causal relationship between the increase in GLP-1 and improvement in beta-cell 
function after bariatric surgery has been demonstrated by blocking the GLP-1 receptor with exendin 
(9-39) infusion resulting in a significant blunting of the beneficial effects on glucose tolerance and 
postprandial insulin secretion[20-22]. 

On the other hand, a number of studies have mechanistically and directly investigated the role of 
endogenous GLP-1 on metabolic effects of bariatric surgeries in rodents. Thus, an in vivo study with 
chronic infusion of exendin-(9-39) in RYGB rats has been reported by the Berthoud and Drucker 
Lab[23]. The data reveal that central GLP-1 receptor signalling is not critical for the beneficial effects 
of RYGB. Moreover, it was shown that RYGB was just as effective in GLP-1 receptor-deficient mice 
compared to wild-type mice, suggesting that signalling through this receptor, whether centrally or 
peripherally, is not required for the beneficial effects of RYGB[24]. In addition, Mokadem et al[25] 
have demonstrated that attenuated secretion of GLP-1 (including that of its bioactive metabolites) 
and lack of classical GLP-1 receptor signalling do not prevent the overall beneficial effect of RYGB in 
mice using two models of functional GLP-1 deficiency. Complementary observations by three 
independent studies in humans also report that, despite a rapid reduction in plasma glucose levels 
and improvement in insulin resistance, fasting GLP-1 levels do not change significantly in the first 2-3 
weeks of gastric bypass surgery[26-28].  Moreover, causation between elevations in postprandial 
GLP-1 levels and the metabolic benefits of surgery has been questioned at both short and long term 
time points in man[29, 30]. 

In line with these findings, Ramracheya et al., have recently shown that although diabetic GK rats 
subjected to RYGB do not have increased circulating GLP-1 levels, they exhibit marked beneficial 
metabolic effects such as decreased plasma glucose concentrations[17] In this rat model, the 
restoration of deranged islet secretory function following RYGB is mediated by marked elevations in 
another incretin, PYY and persists in the presence of GLP-1R inhibition, further excluding GLP-1 as an 
important mediator in this process. Moreover, chronic treatment of rat islets with exogenous PYY 
improves insulin and glucagon release, an observation which was also confirmed in human islets. 
Taken together these results suggest that factors other than GLP-1, may be accountable for diabetes 
correction after bariatric surgery. In particular, PYY stands out as the humoral factor which mediates 
the anti-diabetic effects of RYGB and also capable of restoring dysregulated glucose-induced insulin 
and glucagon secretion in islets isolated from severely diabetic rats.  

      

PYY, a regulator of glucose homeostasis  

The relevance of PYY in bariatric surgery has so far been attributed to a reduction of food intake and 
subsequent weight loss[31] (Text Box 1) which are synergistically achieved in association with GLP-1 
in humans[32, 33]. However the expression of PYY in the pancreas of rodents and higher mammals 
[34-38] alludes to a potential additional role of the peptide in glucose regulation (Figure 1). Although 
it is well established that PYY is not co-localized in pancreatic islet beta-cells, its specific localization 
in other islet cell types has been reported. However, PYY expression in alpha-cells appears to be 
species-specific and mostly limited to rodents[35]. It is thought that expression in the alpha-cells 
decreases by half during pancreatic development[37] whilst it is maintained in islet delta- and 



polypeptide-cells. PYY signals via the NPY family of receptors. In human and rodent islets, NPY 
receptor expression has only been demonstrated at mRNA levels [36, 39].  Among the receptors 
expressed, NP2YR has the lowest expression levels, implying that the effects of PYY on pancreatic 
islet secretion and glucose regulation occur via a pathway distinct from appetite regulation. The 
effects of PYY on glucose homeostasis and diabetes were described by Pittner et al in 2004. Using a 
number of obese and diabetic rodent models, the authors investigated the effect of chronic 
administration of PYY (3-36) and reported a significant reduction in HbA1c level as well as 
improvements in glycaemic parameters. In contrast, there was no effect on plasma glucose following 
an acute treatment of 60 minutes with PYY, suggesting that the glycaemic benefit of PYY may lie in 
its long-term rather than acute effect[40]. 

- PYY and insulin secretion 

Direct insulinostatic effects of PYY were first reported in 1989 where co-injection with PYY (1-36) and 
glucose in mice, resulted in reduced plasma insulin levels[34]. However, in a more recent study 
neither circulating glucose nor insulin levels were significantly affected by PYY administration in 
mice, whilst acute inhibition of insulin release was observed in isolated islets and a human beta-cell 
line[36]. Interestingly, the same study also demonstrated that high concentrations of PYY induced 
proliferative and anti-apoptotic effects in the human beta-cell line, in conflict with their report of 
insulin suppression. Undoubtedly, these results remain to be validated in primary human islets as 
data from healthy volunteers demonstrates that acute intravenous infusion of PYY does not 
influence insulin secretion following glucose stimulation[41]. 

In contrast, insulinotropic effects of PYY have been demonstrated in two different transgenic mouse 
models. In particular, overexpression of PYY in mouse islets leads to improved glucose-mediated 
insulin responses, in association with an enlarged beta-cell mass and an increase in islet number and 
size[42]. Consistent with this finding, PYY ablation in the gut and in the pancreas results in a drastic 
disruption of islet structure and decrease in beta-cell mass, triggering marked impairments in insulin 
secretion. Importantly, the deranged beta-cell mass and lack of insulin release were reversed by 
treatment with a long-acting PYY (1-36) analogue[43]. In agreement with these reports, we have 
recently demonstrated that chronic treatment with PYY can potentiate glucose-induced insulin 
secretion from human islets as well as normalise impaired insulin release from severely diabetic rat 
islets, consistent with the restoration of impaired pancreatic islet secretory function potentially 
mediated by PYY post RYGB[17]. 

The discrepancies in the literature on the effects of PYY on insulin release may be due to major 
differences in experimental conditions, such as concentrations and the duration of PYY treatment of 
islets and variations in in vitro methods. Thus, further investigations are required before a consensus 
can be attained. 

The mechanism by which PYY enhances insulin response remains to be elucidated. However, one 
hypothesis is that PYY exerts neogenic or mitogenic effects, resulting in the enlargement of beta-cell 
mass and elevated insulin release. A role of PYY in cell renewal and growth factor response has been 
demonstrated during pancreatic epithelium regeneration in adult transgenic mice undergoing 
spontaneous pancreata hyperplasia and neogenesis during adult life[44]. Data from another mouse 
model engineered to overexpress PYY also support proliferative effects of PYY as previously 
discussed[42], however in both cases neither has causality been established nor the signalling 



pathway identified. NPY receptors are coupled to the heterotrimeric Gαi subunit which leads to the 
inhibition of adenylyl cyclase and subsequent reduction of cAMP and PKA signalling. PKA-mediated 
phosphorylation is required for various functions including glucose-stimulated insulin secretion[45, 
46]. Therefore, inhibition of PKA signalling upon PYY-induced activation of NPY1R would contradict 
the reported enhanced effects on insulin secretion. On the other hand,  interaction of NPYRs with 
different G subunits additionally leads to protein kinase C activation, which mediates mitogen-
activated protein kinase (MAPK) phosphorylation[47] and activates ERK1/2 signalling and beta-cell 
replication[48]. Although this has also been reported in mouse islets, trophic effects mediated by the 
NPY system are mainly established in neuronal precursor cells[49] and intestinal epithelium[50, 51], 
where it is mostly coupled to NPY1R receptor engagement. A more detailed characterisation of 
these pathways have been described for GLP-1 and its mechanism of action in the pancreas has been 
extensively studied[52]. A common consensus posits that GLP-1 stimulates beta-cell replication in 
several healthy and obesity-induced diabetic animal models[53]. In contrast, data from human 
studies are less clear. Such a discrepancy also applies to the investigation of beta-cell growth after 
gastric bypass. RYGB in a porcine model leads to an increase in beta-cell mass, elevated islet 
numbers per pancreas and more insulin and glucagon-positive cells[54]. In contrast, islet-cell 
hypertrophy and hyperplasia are commonly observed in patients who develop hyperinsulinemic 
hypoglycaemia after surgery[55-57]. Regardless, whether the beneficial metabolic effects of bariatric 
surgery are due to beta-cell expansion or mediated by changes in PYY levels, remain to be proven.  
 
A second plausible hypothesis for PYY-mediated potentiation of insulin secretion is that PYY plays a 
role in preventing beta-cell death, thus ameliorating islet functions. Protective effects of PYY were 
first demonstrated against necrotizing pancreatitis in rats with cerulein-induced acute 
pancreatitis[58]. In addition, specific ablation of PYY-expressing cells has been shown to reduce 
beta-cell mass by promoting apoptosis. This effect was rescued by treatment with a PYY (1-36) 
analogue with high affinity for NPY1R and NPY2R. Beneficial effects of this analogue were also 
observed against streptozotocin-induced beta-cell apoptosis[43]. Consistent with this finding, Khan 
et al.[36] have recently demonstrated that streptozotocin alters PYY co-localization in delta- and pp-
cells and its dramatic negative effects on beta-cell viability can be reversed by co-treatment with 
either PYY (1-36) or PYY (3-36).. More than a decade ago, similar results were described for the GLP-
1 analogues[59] and its well-known agonist exendin-4. Thus, its administration decreased 
streptozotocin-induced hyperglycemia in mice by reducing islet apoptosis, but without cell 
proliferation. Moreover, overexpression of GLP-1 in pancreatic beta-cells enhances GSIS and 
improves islet survival and function in transplanted animals[60]. 
 
Another possibility is PYY-induced upregulation of insulin secretion without alteration in beta-cell 
mass, occurs via PI3-Kγ activation. PI3Kγ is the only member of the class1B of PI3Kinases and can 
only be activated by G-protein coupled receptors, exclusively via the Gβγ subunit. This isoform is 
present in insulinoma cells, and mouse and human islets.  Studies in knockout mice demonstrate 
that PI3Kγ is a positive regulator of insulin secretion irrespective of changes in beta-cell mass [61, 
62]. It has been argued that the increase in beta-cell growth observed in these mice could be a 
compensatory mechanism towards a potential impairment in secretory function and that it is 
actually reversed by treatment with a GLP-1 agonist. Insight from additional studies has  indicated 
that PI3Kγ can coordinate the proper localization of insulin granules to the plasma membrane via a 
negative regulation of F-actin polimerization, thus facilitating insulin granule recruitment to the 



membrane[63]. In support for a similar mechanism for PYY action, PI3Kinase has been identified in 
the NPY receptor signalling cascade [64] [65] although connected with ERK1/2 activation [66]. It is 
therefore plausible to speculate that PI3Kγ activation by PYY in the pancreatic beta-cells could lead 
to improved insulin secretion. Less specific inhibition of PI3Kinases by wortmannin also abrogates 
the protective effects of the GLP-1 receptor agonist liraglutide against cytokine or free fatty acids-
induced apoptosis, although the importance of PI3Kγ in insulinotropic effects mediated by GLP-1 has 
also been questioned[67]. 
 
 
- PYY and glucagon regulation 

In health, blood glucose levels are tightly regulated by the joint actions of insulin and glucagon 
secreted from the pancreatic beta- and alpha-cells, respectively. Likewise, hyperglycaemia or 
diabetes is not a disease of insulin deficiency alone. Thus, dysregulation of glucagon secretion has 
been shown to occur in all forms of diabetes and elevated glucagon levels are known to aggravate 
hyperglycaemia[68]. The importance of glucagon in diabetes is illustrated by the finding that mice 
lacking glucagon receptors remain normoglycemic even after complete destruction of the insulin-
producing beta-cells [69]. However, in contrast to insulin secretion, the role of gut hormones on 
glucose-mediated glucagon release remains insufficiently characterised. GLP-1 inhibits glucagon 
secretion in the presence of extracellular glucose levels of above 4 mmol/L[70]. Nevertheless, it is 
still unclear whether this is a direct or indirect effect as controversial data have been reported on 
the expression levels of the GLP-1 receptor in the alpha-cells[71]’[72]. Likewise, we have shown that 
PYY is capable of inhibiting glucagon release from isolated islets although NPY receptors appear to 
be restricted to beta-cells, thus suggesting that PYY modulates glucagon release via indirect 
pathways which may involve insulin or somatostatin secretion. It is thought that impairment of 
glucagon regulation constitutes a major fifty percent of the pathogenesis of diabetes[73]. Therefore, 
addressing both the insulin and glucagon defects would effectively ‘cure’ the disease. To date, very 
few anti-diabetic drug therapies target both hormonal derangements. This is well illustrated by the 
remarkable success rate of GLP-1-based therapies for T2D. However, the unpleasant side-effects 
associated with these therapies have hampered their suitability for many patients.  Thus, the fact 
that PYY is also capable of restoring both deranged insulin and glucagon release seen in T2D, is of 
significant clinical relevance and merits further investigation 

Changes in PYY levels post-surgery 
 
Although restricted mostly to obese, non-diabetic individuals, data on PYY levels after bariatric 
surgery are currently expanding. While controversial post-operative results have been described for 
fasting levels of PYY at short-term, clear elevations in postprandial levels have been well 
documented at both short- and long-term, along with progressive improvement in insulin secretory 
response and sensitivity [14, 74]. 
.Insights on PPY regulation post-operation can also be derived from comparative post-analysis of 
different bariatric procedures. In particular, a number of publications have addressed the superior 
efficacy of gastric bypass over sleeve gastrectomy in diabetes remission presenting opposite results 
[75, 76]. Enhanced PYY levels after glucose or mixed meal tests have been consistently described 
after both surgical procedures in obese non-diabetic patients following 3 months to 2 years of 
surgery [26, 77, 78] and associated with significant reductions in glucose levels. On the other hand, 



there is a lack of consensus regarding changes in PYY levels in postoperative diabetic patients. 
Nannipieri et al. have compared changes in gut hormones following RYGB and sleeve gastrectomy at 
two different time-points; consistent elevations in PYY levels (under both fasting and postprandial 
conditions) were observed only after one year of both types of surgical procedures. In contrast, 
postprandial PYY increase over the short-term (15 days) was only documented in the gastric bypass 
group. Interestingly, changes in GLP-1 levels following the two surgeries appear to display an 
opposite trend with clear elevations noted only at short-term. Nevertheless, the rate of diabetes 
remission was similar in both procedures. Likewise, similar to sleeve gastrectomy, biliopancreatic 
diversion results in diabetes correction after one year of the procedure, although different levels of 
improvement in insulin sensitivity have been reported. Yet, GLP-1 and PYY responses during OGTT 
were dramatically enhanced after either procedure at 1, 3, and 12-month time-points [79]. 

In an attempt to explain gut hormone alteration and improvement in glucose tolerance following 
bariatric surgery, several mechanisms have been proposed to date. According to the “foregut 
hypothesis”, the exclusion of the proximal bowel in biliopancreatic diversion or gastric bypass may 
prevent the release of inhibitory factors which physiologically counteract the effect of incretins. 
However, the afore-mentioned similarities between the two procedures and sleeve gastrectomy in 
terms of diabetes remission, excludes such a possibility. Instead, accelerated gastric emptying 
common to different types of surgeries, may account for the hyperstimulation of gut hormone 
release in the distal intestine as stated in the “hindgut hypothesis”. In addition, alteration in other 
factors such as bile acids and bacterial metabolite, are also likely to affect PYY levels[80]. Emerging 
evidence supports an association between PYY elevation and changes in fecal microbiota[81, 82] 
after 6 months of surgery in humans. It is possible that these modifications may qualitatively and 
quantitatively influence bacterial derivatives from fibre digestions that may in turn differentially 
regulate PYY expression levels as previously reported for GLP-1 and the bacterial metabolite 
indole[83]. It has also been proposed that short chain fatty acids can directly influence L-cells via G-
protein coupled receptors to release GLP-1 and PYY, which can subsequently modulate glucose 
metabolism[84]. Furthermore, Toll-like receptor ligands and the short chain fatty acid butyrate, can 
synergistically stimulate PYY expression in L-cells via NFkb signalling [85] suggesting a unique 
sensitivity of the microbiota for PYY synthesis. 

Concluding remarks and future perspectives  
 
There is no doubt that gut hormones are crucial factors in the improvement of glucose tolerance 
post bariatric surgery. Data obtained from rodent and human studies support GLP-1 as a master 
regulator because of its neogenic, mitogenic and protective effects on the beta-cells. However, 
additional findings from several transgenic animal models have questioned its pivotal role, strongly 
suggesting that other factors may be involved. It has recently been demonstrated  that the gut 
hormone PYY can restore secretory islet function in diabetic rats after RYGB and improve both 
insulin and glucagon release from cultured human islets in vitro, highlighting a critical role of PYY in 
the regulation of glucose homeostasis and diabetes.   
GLP-1 and PYY are both produced by the intestinal L-cells in response to nutrient intake. Whilst GLP-
1 is a well-characterised incretin with insulinotrophic effect, PYY has been limited mainly as an 
appetite regulator with anorexigenic effect. However, accumulating data from independent studies 
clearly indicate additional roles of PYY extending beyond food intake. Thus, the local expression of 
PYY and its receptors in the pancreas, coupled with evidence of drastic disruption of islet structure 



arising from the loss of pancreatic PYY, along with its ability to modulate glucose-stimulated insulin 
secretion, collectively point to a pivotal function of PYY in the pancreatic islet. Moreover, PYY exerts 
proliferative and anti-apoptotic effects on the beta-cells, strongly suggesting that this hormone can 
enhance insulin production by increasing beta-cell mass. Similar findings have been reported for 
GLP-1 and its agonist exenatide and their actions on insulin release have been extensively 
characterized. In contrast, PYY is increasingly being recognised as the ‘new kid on the block’, but the 
mechanism by which it affects pancreatic islet function, remains unclear.  
The accredited dominance of GLP-1 has somewhat overshadowed the importance of PYY in glucose 
homeostasis (Text Box 2) and in dipeptidyl peptidase-IV (DPP-IV) inhibition studies. The inhibition of 
DPP-IV, the proteolytic enzyme responsible for the degradation of GLP-1 and PYY, constitutes an 
effective therapy for T2D, but the benefits have so far been attributed to the prolongation of active 
GLP-1 alone. However, the documented existence of a DPP-IV system within the islets[86] is likely to 
influence the local regulation of pancreatic PYY, which could subsequently alter the ratio of [PYY1-

36]/[ PYY3-36], with a significant impact on islet secretory function. Potential synergistic effects of GLP-
1 and PYY on islet activity require additional studies. 
Although it is being recognized that PYY has a major impact on beta-cell recovery and maintenance, 
other unidentified factors are also likely to play a role. Thus, the administration of a stable PYY 
analogue does not completely rescue pancreatic insulin levels following beta-cell apoptosis induced 
by PYY ablation or streptozotocin[43]. Likewise, immunoneutralization of PYY does not completely 
reverse the potentiating effects of RYGB rat serum on insulin secretion, suggesting that other blood-
borne factors affected by the surgery, may also be involved[17]. It should be noted that co-
administration of GLP-1 and PYY analogues has no additive effects on insulin content following 
pancreatic PYY ablation and fails to entirely rescue impaired insulin secretion[43]. Future studies 
should aim to define the missing factors contributing to the restoration of impaired insulin secretion 
and resolution of diabetes. 
Of key importance is the finding demonstrating that in addition to enhancing insulin release, PYY can 
also significantly improve glucagon secretion. Dysregulation of glucagon secretion represents fifty 
percent of the pathogenesis of diabetes. Whilst most studies have exclusively focused on insulin 
secretion, only a handful of studies have evaluated the effect of bariatric surgery on circulating 
glucagon levels. Expression of PYY in pancreatic alpha-cells suggests a possible paracrine effect on 
glucagon release. However, NPY receptors are not present on glucagon-secreting alpha-cells, and 
therefore whether PYY affects glucagon release by a direct or indirect mechanism, remains 
unknown. 
 
Bariatric surgery in man leads to significant improvements in several metabolic disorders associated 
with obesity and diabetes and for which, PYY may be critical beyond its established function on 
weight loss. A positive association between an elevation in plasma PYY levels and improved glucose 
tolerance has been demonstrated in obese individuals shortly after surgery. On the other hand, 
additional studies in diabetic patients are necessary to establish a more causative relationship. 
Accelerated nutrient delivery to the intestine is likely to stimulate PYY expression after surgery 
together with newly identified factors, such as altered intestinal microbiota and their metabolic 
products. Although new, this area of investigation holds promises for identifying novel regulators of 
PYY that may represent effective therapeutic targets. 
 



Lower PYY levels have been reported in people with T2D[87, 88]. We have previously reported that 
circulating PYY levels are drastically increased post RYGB in GK rats[17] and are associated with the 
restoration of impaired islet secretory function. However, it remains unknown whether RYGB can 
also affect PYY levels in the pancreatic islets which may have a direct impact on diabetes correction. 
This hypothesis will require future investigation. 
 
Taken together, studies from recent years provide compelling evidence for a role of PYY in the 
maintenance of pancreatic islet integrity and the regulation of its secretory function. Much is yet to 
be learnt about the role of PYY in metabolic improvements following bariatric surgery but 
accumulating evidence points towards the possibility of novel PYY-based therapies for T2D. 
 
 
Text box 1: Role of PYY in food intake and weight loss 

PYY (1-36) is the intact form of PYY, which belongs to the neuropeptide Y (NPY) system and acts as a 
master regulator of appetite, energy expenditure and eating behaviour [89]. It is mainly released 
from neuroendocrine L-cell in the ileum in response to nutrient intake and acts via G-coupled 
protein receptors called NPY receptors. Five NPY receptors are currently known; NPY1R, NPY2R, 
NPY4R, NPY5R and NPY6R. Although the distribution of these receptors is not confined to the brain, 
they remain less characterized in the periphery. PYY (1-36) has similar affinity for all its receptors, 
unlike its truncated version PYY (3-36) which only binds to NPY2 receptor with high affinity.  Upon 
release, PYY (1-36) is converted by dipeptidyl peptidase-IV (DPP-IV) to generate PYY (3-36). This 
shorter PYY peptide constitutes the main circulating form which acts via NPY2R to modulate the 
activity of neurons of the hypothalamic arcuate nucleus and reduce food intake in mice and in 
man[90, 91] [92](Figure 1). 

It has been suggested that obesity is a state of PYY deficiency as endogenous levels of PYY are 
significantly lower in obese patients and body mass index negatively correlates with fasting PYY 
levels [87]. However, in obesity PYY (3-36) maintains its anorectic action since its infusion inhibits 
food intake and reduces levels of the appetite-stimulating hormone, ghrelin in lean as well as in 
obese individuals. This indicates that the potential therapeutic effect of PYY administration may not 
be limited by a progressive resistance, as for the “satiety hormone” leptin. 

The importance of PYY in weight loss after bariatric surgery is demonstrated by PYY-deficient mice 
which do not lose weight after gastric bypass unlike their control littermates[93]. In addition, 
sustained increased levels of PYY are necessary to avoid weight regain, a complication observed in 
20% of patients three years after surgery[94]. 

 

Text box 2: Misattribution of credits: is PYY overshadowed by GLP-1? 

Until now, GLP-1 has been recognised as the holy grail of the beneficial effects of bariatric surgery on 
glucose homeostasis and associated metabolic parameters. The significance of PYY in this process 
has been largely overshadowed by GLP-1. Such hypothesis originates from the evidence that PYY-
deficient mice do not show improvement in glucose tolerance after bariatric surgery, an effect 
attributed to a lack of increase in plasma GLP-1 levels. According to this study, activation of 



peripheral NPY2R by PYY (3-36) administration increases the plasma concentrations of active GLP-1 
in the hepatic portal vein while inclusion of exendin (9-39) prior to PYY (3-36) administration 
abolishes the effects on glucose tolerance, thus demonstrating a hierarchy of GLP-1 over PYY[95]. 
However, it should be borne in mind that these results only address specific activation of peripheral 
Y2R, which is not expressed in pancreatic islets. Moreover, there is now emerging evidence from 
several independent human and rodent studies that GLP-1 may not be the critical factor as 
previously assumed. The assumption of a dominant role of GLP-1 in glucose homeostasis also arises 
from studies with DPP-IV inhibitors, which are currently used as anti-diabetes drug therapies [96, 
97]. Although several biological substrates exist for DPP-IV action, according to a common model, 
DPP-IV inhibitors work by preventing the rapid degradation of GLP-1 into its biologically-inactive 
form GLP-1 (9-36) and prolonging the half-life of active GLP-1 [98].  Thus, injection of rats with the 
DPP-IV inhibitor P32/98, ameliorates glucose tolerance and increases islets and beta-cell number 
following depletion induced by streptozotocin[99]. These effects were ascribed to enhanced plasma 
activity of GLP-1 since similar protective effects had been observed in rat insulinoma cells following 
stimulation with GLP-1. However, it is noteworthy that changes in plasma levels and potential 
beneficial effects of other DPP-IV substrates were not analysed. More recently, protective effects of 
the DPP-IV inhibitor linagliptin, has been described against oxidative stress, cytokine secretion and 
apoptosis induction in human islets under diabetogenic conditions. These findings were 
complemented by the restoration of GLP-1 receptor expression and increased levels of GLP-1 in the 
supernatant samples.  Co-treatment with exendin (9-39) abrogated the stimulatory effects of 
linagliptin on insulin secretion, thus indicating that this DPP-IV inhibitor acts via the stabilization of 
GLP-1[100]. On the other hand, a major role of GLP-1 in DPP-IV inhibition therapy has been 
questioned whilst taking into consideration that the metabolic beneficial effects that are trademarks 
of GLP-1 therapy, are either delayed or absent in patients on long-term DPP-IV treatments [101]. 
Thus, patients on DPP-IV inhibitors do not exhibit decreased appetite, reduction in food intake and 
increased weight loss as with GLP-1 analogues, questioning the involvement of GLP-1 in DPP-IV 
inhibition therapy.  

In agreement with these arguments, we have found that chronic stimulation of mouse and human 
islets with sitagliptin results in improved GSIS independently of GLP-1 as it is preserved in islets 
isolated from the GLP-1 receptor knockout mice (McCulloch et al., unpublished). Conversely, 
blockade of the NPY1R significantly blunts the improved insulin responses induced by the DPP-IV 
inhibitor, implying a PYY-dependent effect (unpublished data). Furthermore, data from clinical 
studies have shown that the administration of sitagliptin for 12 weeks in diabetic patients improves 
both glucose and non-glucose stimulated insulin secretion, in parallel with an increase in PYY (1-36) 
levels and other incretin hormones[102], supporting the idea that beneficial effects of DPP-IV 
inhibition therapy on glycaemic control may be actually triggered by a major or at least concomitant 
action of PYY.  

 
 

 

 

 



Acknowledgements 

This work was supported by the Novo Nordisk Oxford Fellowship programme, Diabetes UK RD 
Lawrence Fellowship and Higher Education Learning Agreement for Traineeships (Erasmus + 
programme). 

 
1. Herbst, C.A. et al. (1984) Gastric bariatric operation in insulin-treated adults. Surgery 95 (2), 209-
14. 
2. Pories, W.J. et al. (1992) Is type II diabetes mellitus (NIDDM) a surgical disease? Ann Surg 215 (6), 
633-42; discussion 643. 
3. Pories, W.J. et al. (1995) Who would have thought it? An operation proves to be the most 
effective therapy for adult-onset diabetes mellitus. Ann Surg 222 (3), 339-50; discussion 350-2. 
4. Buchwald, H. et al. (2009) Weight and type 2 diabetes after bariatric surgery: systematic review 
and meta-analysis. Am J Med 122 (3), 248-256 e5. 
5. Williams, S. et al. (2012) Surgical treatment of metabolic syndrome. Med Princ Pract 21 (4), 301-9. 
6. Lim, E.L. et al. (2011) Reversal of type 2 diabetes: normalisation of beta cell function in association 
with decreased pancreas and liver triacylglycerol. Diabetologia 54 (10), 2506-14. 
7. Laferrere, B. et al. (2008) Effect of weight loss by gastric bypass surgery versus hypocaloric diet on 
glucose and incretin levels in patients with type 2 diabetes. J Clin Endocrinol Metab 93 (7), 2479-85. 
8. Moncada, R. et al. (2016) Metabolic Surgery Enters the T2DM Treatment Algorithm. Trends 
Endocrinol Metab 27 (10), 678-80. 
9. Rubino, F. et al. (2016) Metabolic Surgery in the Treatment Algorithm for Type 2 Diabetes: A Joint 
Statement by International Diabetes Organizations. Surg Obes Relat Dis 12 (6), 1144-62. 
10. American Diabetes, A. (2017) 7. Obesity Management for the Treatment of Type 2 Diabetes. 
Diabetes Care 40 (Suppl 1), S57-S63. 
11. Schauer, P.R. et al. (2017) Bariatric Surgery versus Intensive Medical Therapy for Diabetes - 5-
Year Outcomes. N Engl J Med 376 (7), 641-651. 
12. Batterham, R.L. and Cummings, D.E. (2016) Mechanisms of Diabetes Improvement Following 
Bariatric/Metabolic Surgery. Diabetes Care 39 (6), 893-901. 
13. Ballantyne, G.H. (2006) Peptide YY(1-36) and peptide YY(3-36): Part II. Changes after 
gastrointestinal surgery and bariatric surgery. Obes Surg 16 (6), 795-803. 
14. Jacobsen, S.H. et al. (2012) Changes in gastrointestinal hormone responses, insulin sensitivity, 
and beta-cell function within 2 weeks after gastric bypass in non-diabetic subjects. Obes Surg 22 (7), 
1084-96. 
15. Meek, C.L. et al. (2016) The effect of bariatric surgery on gastrointestinal and pancreatic peptide 
hormones. Peptides 77, 28-37. 
16. Holst, J.J. and Madsbad, S. (2016) Mechanisms of surgical control of type 2 diabetes: GLP-1 is key 
factor. Surg Obes Relat Dis 12 (6), 1236-42. 
17. Ramracheya, R.D. et al. (2016) PYY-Dependent Restoration of Impaired Insulin and Glucagon 
Secretion in Type 2 Diabetes following Roux-En-Y Gastric Bypass Surgery. Cell Rep 15 (5), 944-50. 
18. Dutia, R. et al. (2014) Limited recovery of beta-cell function after gastric bypass despite clinical 
diabetes remission. Diabetes 63 (4), 1214-23. 
19. Korner, J. et al. (2007) Exaggerated glucagon-like peptide-1 and blunted glucose-dependent 
insulinotropic peptide secretion are associated with Roux-en-Y gastric bypass but not adjustable 
gastric banding. Surg Obes Relat Dis 3 (6), 597-601. 
20. Jorgensen, N.B. et al. (2013) Exaggerated glucagon-like peptide 1 response is important for 
improved beta-cell function and glucose tolerance after Roux-en-Y gastric bypass in patients with 
type 2 diabetes. Diabetes 62 (9), 3044-52. 
21. Salehi, M. et al. (2011) Gastric bypass surgery enhances glucagon-like peptide 1-stimulated 
postprandial insulin secretion in humans. Diabetes 60 (9), 2308-14. 



22. Woerle, H.J. et al. (2012) The role of endogenous incretin secretion as amplifier of glucose-
stimulated insulin secretion in healthy subjects and patients with type 2 diabetes. Diabetes 61 (9), 
2349-58. 
23. Ye, J. et al. (2014) GLP-1 receptor signaling is not required for reduced body weight after RYGB in 
rodents. Am J Physiol Regul Integr Comp Physiol 306 (5), R352-62. 
24. Wilson-Perez, H.E. et al. (2013) Vertical sleeve gastrectomy is effective in two genetic mouse 
models of glucagon-like Peptide 1 receptor deficiency. Diabetes 62 (7), 2380-5. 
25. Mokadem, M. et al. (2014) Effects of Roux-en-Y gastric bypass on energy and glucose 
homeostasis are preserved in two mouse models of functional glucagon-like peptide-1 deficiency. 
Mol Metab 3 (2), 191-201. 
26. Pournaras, D.J. et al. (2010) The gut hormone response following Roux-en-Y gastric bypass: cross-
sectional and prospective study. Obes Surg 20 (1), 56-60. 
27. Clements, R.H. et al. (2004) Hormonal changes after Roux-en Y gastric bypass for morbid obesity 
and the control of type-II diabetes mellitus. Am Surg 70 (1), 1-4; discussion 4-5. 
28. Rubino, F. et al. (2004) The early effect of the Roux-en-Y gastric bypass on hormones involved in 
body weight regulation and glucose metabolism. Ann Surg 240 (2), 236-42. 
29. Isbell, J.M. et al. (2010) The importance of caloric restriction in the early improvements in insulin 
sensitivity after Roux-en-Y gastric bypass surgery. Diabetes Care 33 (7), 1438-42. 
30. Jimenez, A. et al. (2013) GLP-1 and the long-term outcome of type 2 diabetes mellitus after Roux-
en-Y gastric bypass surgery in morbidly obese subjects. Ann Surg 257 (5), 894-9. 
31. Molin Netto, B.D. et al. (2016) Early effects of Roux-en-Y gastric bypass on peptides and 
hormones involved in the control of energy balance. Eur J Gastroenterol Hepatol 28 (9), 1050-5. 
32. Svane, M.S. et al. (2016) Peptide YY and glucagon-like peptide-1 contribute to decreased food 
intake after Roux-en-Y gastric bypass surgery. Int J Obes (Lond). 
33. McLaughlin, J.T. and McKie, S. (2016) Human brain responses to gastrointestinal nutrients and 
gut hormones. Curr Opin Pharmacol 31, 8-12. 
34. Bottcher, G. et al. (1989) Peptide YY: intrapancreatic localization and effects on insulin and 
glucagon secretion in the mouse. Pancreas 4 (3), 282-8. 
35. Bottcher, G. et al. (1993) Peptide YY in the mammalian pancreas: immunocytochemical 
localization and immunochemical characterization. Regul Pept 43 (3), 115-30. 
36. Khan, D. et al. (2016) 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, 
102-13. 
37. Upchurch, B.H. et al. (1994) Expression of peptide YY in all four islet cell types in the developing 
mouse pancreas suggests a common peptide YY-producing progenitor. Development 120 (2), 245-
52. 
38. Schonhoff, S. et al. (2005) Energy homeostasis and gastrointestinal endocrine differentiation do 
not require the anorectic hormone peptide YY. Mol Cell Biol 25 (10), 4189-99. 
39. Amisten, S. et al. (2013) An atlas and functional analysis of G-protein coupled receptors in human 
islets of Langerhans. Pharmacol Ther 139 (3), 359-91. 
40. Pittner, R.A. et al. (2004) Effects of PYY[3-36] in rodent models of diabetes and obesity. Int J Obes 
Relat Metab Disord 28 (8), 963-71. 
41. Ahren, B. and Larsson, H. (1996) Peptide YY does not inhibit glucose-stimulated insulin secretion 
in humans. Eur J Endocrinol 134 (3), 362-5. 
42. Shi, Y.C. et al. (2015) Pancreatic PYY Is Critical in the Control of Insulin Secretion and Glucose 
Homeostasis in Female Mice. Endocrinology 156 (9), 3122-36. 
43. Sam, A.H. et al. (2012) Selective ablation of peptide YY cells in adult mice reveals their role in 
beta cell survival. Gastroenterology 143 (2), 459-68. 
44. Liu, G. et al. (2006) PYY in the expanding pancreatic epithelium. Endocrine 30 (1), 103-12. 
45. Eliasson, L. et al. (2003) SUR1 regulates PKA-independent cAMP-induced granule priming in 
mouse pancreatic B-cells. J Gen Physiol 121 (3), 181-97. 



46. Wang, X. et al. (2001) Glucagon-like peptide-1 causes pancreatic duodenal homeobox-1 protein 
translocation from the cytoplasm to the nucleus of pancreatic beta-cells by a cyclic adenosine 
monophosphate/protein kinase A-dependent mechanism. Endocrinology 142 (5), 1820-7. 
47. Mannon, P.J. and Raymond, J.R. (1998) The neuropeptide Y/peptide YY Y1 receptor is coupled to 
MAP kinase via PKC and Ras in CHO cells. Biochem Biophys Res Commun 246 (1), 91-4. 
48. Cho, Y.R. and Kim, C.W. (2004) Neuropeptide Y promotes beta-cell replication via extracellular 
signal-regulated kinase activation. Biochem Biophys Res Commun 314 (3), 773-80. 
49. Hansel, D.E. et al. (2001) Neuropeptide Y functions as a neuroproliferative factor. Nature 410 
(6831), 940-4. 
50. Mannon, P.J. (2002) Peptide YY as a growth factor for intestinal epithelium. Peptides 23 (2), 383-
8. 
51. Mannon, P.J. and Mele, J.M. (2000) Peptide YY Y1 receptor activates mitogen-activated protein 
kinase and proliferation in gut epithelial cells via the epidermal growth factor receptor. Biochem J 
350 Pt 3, 655-61. 
52. Doyle, M.E. and Egan, J.M. (2007) Mechanisms of action of glucagon-like peptide 1 in the 
pancreas. Pharmacol Ther 113 (3), 546-93. 
53. Lavine, J.A. and Attie, A.D. (2010) Gastrointestinal hormones and the regulation of beta-cell 
mass. Ann N Y Acad Sci 1212, 41-58. 
54. Lindqvist, A. et al. (2014) Gastric bypass improves beta-cell function and increases beta-cell mass 
in a porcine model. Diabetes 63 (5), 1665-71. 
55. Service, G.J. et al. (2005) Hyperinsulinemic hypoglycemia with nesidioblastosis after gastric-
bypass surgery. N Engl J Med 353 (3), 249-54. 
56. Patti, M.E. et al. (2005) Severe hypoglycaemia post-gastric bypass requiring partial 
pancreatectomy: evidence for inappropriate insulin secretion and pancreatic islet hyperplasia. 
Diabetologia 48 (11), 2236-40. 
57. Meier, J.J. et al. (2006) Hyperinsulinemic hypoglycemia after gastric bypass surgery is not 
accompanied by islet hyperplasia or increased beta-cell turnover. Diabetes Care 29 (7), 1554-9. 
58. Tito, J.M. et al. (1993) Peptide YY ameliorates cerulein-induced pancreatic injury in the rat. Am J 
Surg 165 (6), 690-6. 
59. Li, Y. et al. (2003) Glucagon-like peptide-1 receptor signaling modulates beta cell apoptosis. J Biol 
Chem 278 (1), 471-8. 
60. Wideman, R.D. et al. (2006) Improving function and survival of pancreatic islets by endogenous 
production of glucagon-like peptide 1 (GLP-1). Proc Natl Acad Sci U S A 103 (36), 13468-73. 
61. MacDonald, P.E. et al. (2004) Impaired glucose-stimulated insulin secretion, enhanced 
intraperitoneal insulin tolerance, and increased beta-cell mass in mice lacking the p110gamma 
isoform of phosphoinositide 3-kinase. Endocrinology 145 (9), 4078-83. 
62. Li, L.X. et al. (2006) Role of phosphatidylinositol 3-kinasegamma in the beta-cell: interactions 
with glucagon-like peptide-1. Endocrinology 147 (7), 3318-25. 
63. MacDonald, P. (2009) Control of secretory granule access to the plasma membrane by PI3 
kinase-gamma. Islets 1 (3), 266-8. 
64. Goldberg, Y. et al. (1998) Intracellular signaling leads to the hypertrophic effect of neuropeptide 
Y. Am J Physiol 275 (5 Pt 1), C1207-15. 
65. Robidoux, J. et al. (1998) Human syncytiotrophoblast NPY receptors are located on BBM and 
activate PLC-to-PKC axis. Am J Physiol 274 (3 Pt 1), E502-9. 
66. Lecat, S. et al. (2015) Neuropeptide Y receptor mediates activation of ERK1/2 via transactivation 
of the IGF receptor. Cell Signal 27 (7), 1297-304. 
67. Kolic, J. et al. (2014) Insulin secretion induced by glucose-dependent insulinotropic polypeptide 
requires phosphatidylinositol 3-kinase gamma in rodent and human beta-cells. J Biol Chem 289 (46), 
32109-20. 
68. Campbell, J.E. and Drucker, D.J. (2015) Islet alpha cells and glucagon--critical regulators of energy 
homeostasis. Nat Rev Endocrinol 11 (6), 329-38. 



69. Lee, Y. et al. (2012) Metabolic manifestations of insulin deficiency do not occur without glucagon 
action. Proc Natl Acad Sci U S A 109 (37), 14972-6. 
70. Dunning, B.E. et al. (2005) Alpha cell function in health and disease: influence of glucagon-like 
peptide-1. Diabetologia 48 (9), 1700-13. 
71. Heller, R.S. et al. (1997) Insulinotropic glucagon-like peptide I receptor expression in glucagon-
producing alpha-cells of the rat endocrine pancreas. Diabetes 46 (5), 785-91. 
72. Tornehave, D. et al. (2008) Expression of the GLP-1 receptor in mouse, rat, and human pancreas. 
J Histochem Cytochem 56 (9), 841-51. 
73. Bagger, J.I. et al. (2011) Glucagon antagonism as a potential therapeutic target in type 2 
diabetes. Diabetes Obes Metab 13 (11), 965-71. 
74. Papamargaritis, D. et al. (2013) Changes in gut hormone profile and glucose homeostasis after 
laparoscopic sleeve gastrectomy. Surg Obes Relat Dis 9 (2), 192-201. 
75. Nannipieri, M. et al. (2013) Roux-en-Y gastric bypass and sleeve gastrectomy: mechanisms of 
diabetes remission and role of gut hormones. J Clin Endocrinol Metab 98 (11), 4391-9. 
76. Kashyap, S.R. et al. (2013) Metabolic effects of bariatric surgery in patients with moderate 
obesity and type 2 diabetes: analysis of a randomized control trial comparing surgery with intensive 
medical treatment. Diabetes Care 36 (8), 2175-82. 
77. Karamanakos, S.N. et al. (2008) Weight loss, appetite suppression, and changes in fasting and 
postprandial ghrelin and peptide-YY levels after Roux-en-Y gastric bypass and sleeve gastrectomy: a 
prospective, double blind study. Ann Surg 247 (3), 401-7. 
78. Major, P. et al. (2015) Changes in levels of selected incretins and appetite-controlling hormones 
following surgical treatment for morbid obesity. Wideochir Inne Tech Maloinwazyjne 10 (3), 458-65. 
79. Tsoli, M. et al. (2013) Hormone changes and diabetes resolution after biliopancreatic diversion 
and laparoscopic sleeve gastrectomy: a comparative prospective study. Surg Obes Relat Dis 9 (5), 
667-77. 
80. Penney, N.C. et al. (2015) The role of bile acids in reducing the metabolic complications of 
obesity after bariatric surgery: a systematic review. Int J Obes (Lond) 39 (11), 1565-74. 
81. Federico, A. et al. (2016) Gastrointestinal Hormones, Intestinal Microbiota and Metabolic 
Homeostasis in Obese Patients: Effect of Bariatric Surgery. In Vivo 30 (3), 321-30. 
82. Tremaroli, V. et al. (2015) Roux-en-Y Gastric Bypass and Vertical Banded Gastroplasty Induce 
Long-Term Changes on the Human Gut Microbiome Contributing to Fat Mass Regulation. Cell Metab 
22 (2), 228-38. 
83. Chimerel, C. et al. (2014) Bacterial metabolite indole modulates incretin secretion from intestinal 
enteroendocrine L cells. Cell Rep 9 (4), 1202-8. 
84. den Besten, G. et al. (2013) The role of short-chain fatty acids in the interplay between diet, gut 
microbiota, and host energy metabolism. J Lipid Res 54 (9), 2325-40. 
85. Larraufie, P. et al. (2016) TLR ligands and butyrate increase Pyy expression through two distinct 
but inter-regulated pathways. Cell Microbiol. 
86. van der Schaar, H.M. et al. (2008) Dissecting the Cell Entry Pathway of Dengue Virus by Single-
Particle Tracking in Living Cells. Plos Pathogens 4 (12). 
87. Batterham, R.L. et al. (2003) Inhibition of food intake in obese subjects by peptide YY3-36. N Engl 
J Med 349 (10), 941-8. 
88. Viardot, A. et al. (2008) Abnormal postprandial PYY response in insulin sensitive nondiabetic 
subjects with a strong family history of type 2 diabetes. Int J Obes (Lond) 32 (6), 943-8. 
89. Loh, K. et al. (2015) Regulation of energy homeostasis by the NPY system. Trends Endocrinol 
Metab 26 (3), 125-35. 
90. Teubner, B.J. and Bartness, T.J. (2013) PYY(3-36) into the arcuate nucleus inhibits food 
deprivation-induced increases in food hoarding and intake. Peptides 47, 20-8. 
91. Ballantyne, G.H. (2006) Peptide YY(1-36) and peptide YY(3-36): Part I. Distribution, release and 
actions. Obes Surg 16 (5), 651-8. 



92. Batterham, R.L. et al. (2002) Gut hormone PYY(3-36) physiologically inhibits food intake. Nature 
418 (6898), 650-4. 
93. Chandarana, K. et al. (2011) Diet and gastrointestinal bypass-induced weight loss: the roles of 
ghrelin and peptide YY. Diabetes 60 (3), 810-8. 
94. Meguid, M.M. et al. (2008) Weight regain after Roux-en-Y: a significant 20% complication related 
to PYY. Nutrition 24 (9), 832-42. 
95. Chandarana, K. et al. (2013) Peripheral activation of the Y2-receptor promotes secretion of GLP-1 
and improves glucose tolerance. Mol Metab 2 (3), 142-52. 
96. Hayes, J. et al. (2016) Sitagliptin/metformin fixed-dose combination in type 2 diabetes mellitus: 
an evidence-based review of its place in therapy. Drug Des Devel Ther 10, 2263-70. 
97. Naidoo, P. et al. (2016) Effect of Sitagliptin and Metformin on Prediabetes Progression to Type 2 
Diabetes - A Randomized, Double-Blind, Double-Arm, Multicenter Clinical Trial: Protocol for the 
Sitagliptin and Metformin in PreDiabetes (SiMePreD) Study. JMIR Res Protoc 5 (3), e145. 
98. Holst, J.J. and Deacon, C.F. (2005) Glucagon-like peptide-1 mediates the therapeutic actions of 
DPP-IV inhibitors. Diabetologia 48 (4), 612-5. 
99. Pospisilik, J.A. et al. (2003) Dipeptidyl peptidase IV inhibitor treatment stimulates beta-cell 
survival and islet neogenesis in streptozotocin-induced diabetic rats. Diabetes 52 (3), 741-50. 
100. Shah, P. et al. (2013) The DPP-4 inhibitor linagliptin restores beta-cell function and survival in 
human isolated islets through GLP-1 stabilization. J Clin Endocrinol Metab 98 (7), E1163-72. 
101. Nauck, M.A. and El-Ouaghlidi, A. (2005) The therapeutic actions of DPP-IV inhibition are not 
mediated by glucagon-like peptide-1. Diabetologia 48 (4), 608-11. 
102. Aaboe, K. et al. (2010) Twelve weeks treatment with the DPP-4 inhibitor, sitagliptin, prevents 
degradation of peptide YY and improves glucose and non-glucose induced insulin secretion in 
patients with type 2 diabetes mellitus. Diabetes Obes Metab 12 (4), 323-33. 

 



Trends:  

- Bariatric surgeries are weight loss interventions, which result in a spectacular reversal of type 2 
diabetes (T2D) and associated metabolic benefits in man 

- The gut hormone, GLP-1 has been considered as the ‘holy grail’ of this phenomenon and the 
involvement of other incretins, namely PYY which is also expressed in the pancreatic islets, has been 
largely overlooked and under-rated. 

- PYY is a key factor in diabetes remission following bariatric surgery in rats. Moreover, elevated PYY 
levels in patients after surgery are associated with improved glucose responses. 
 
- PYY modulates insulin and glucagon secretion in isolated rat and human islets via unidentified 
mechanisms and it is critical for the preservation of islet morphology and secretory function. 

 
-Like GLP-1, PPY has been associated with proliferative and protective effects on pancreatic beta-
cells.  

- The impact of PYY in mediating the anti-diabetic effects of gastric bypass surgery implies that a 
pharmacological agent enhancing PYY release or its action could provide an effective and non-
surgical therapy for T2D  

 



Outstanding questions: 

- What is the mechanism by which PYY enhances insulin secretion? Does it involve proliferation or 
preservation of beta-cell mass? 

- How does PYY modulate glucose-induced glucagon suppression? The absence of NPY receptors on 
alpha-cells points to an indirect effect that may be secondary to insulin or somatostatin secretion. 

- What causes PYY elevation after bariatric surgery? Is there a role of bile acids and/or gut 
microbiota? 

- Are PYY levels in the pancreatic islets altered by bariatric surgery? Do they increase as in the 
circulation? 

- What are the other factors contributing to diabetes remission post bariatric surgery? 

-Does chronic treatment with PYY restore islet morphology as observed in diabetic rats after RYGB? 
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1)Following nutrient intake, PYY (1-36) is secreted by the L-cells of the gastro intestinal tract, before being released in the mesenteric vein. Dipeptidyl 
peptidase enzyme (DPP-IV) digests PYY (1-36) to generate a truncated form of the peptide called PYY (3-36 ). 
In the brain the interaction of PYY (3-36) with the presynaptic inhibitory NPY2R of neuropeptide Y (NPY) neurons mediates anorexic effect, reducing food 
intake. 
GLP1 is also released from L-cells and digested in the portal vein by DPP-IV  to an inactivated form. Plasma levels of active GLP-1 and PYY reach the 
pancreas where they modulate hormone secretion from pancreatic islets. 
2)In beta-cells glucose is metabolized to produce high-energy ATP molecules, causing an increased ATP:ADP ratio which closes the ATP-sensitive 
potassium channels. Raise in intracellular potassium levels leads to membrane depolarization which in turn opens voltage-gated calcium channels 
increasing the amount of calcium ions into the cytoplasm.  This promotes the release of insulin from secretory vesicles. Effect of glucose are potentiated 
by the binding of GLP-1 to the GLP-1 receptor which triggers an increase in cAMP and activation of protein kinase A.  Thus it further inhibits the K+

ATP 
channels, preventing repolarization of the β-cell and also sensitizes calcium channels on the endoplasmic reticulum (ER) allowing the release of calcium 
from intracellular stores which aids the exocytosis of insulin. 
Chronic engagement of NP1R by PYY also enhances insulin secretion via still unidentified mechanisms. Additionally in alpha-cells GlP-1 and PYY promote 
glucose-induced glucagon suppression though direct or indirect pathways yet to be characterized. Such effects are amplified by local pancreatic 
expression of GLP1 and PYY. 
 
PYY: Peptide tyrosine tyrosine, GLP-1: Glucagon-like peptide-1, DPP-IV: dipeptidyl peptidase IV, NPY1R:Neuropeptide Y Receptor Y1, GLP-1R: glucagon-
like peptide-1 receptor, ER: endoplasmic reticulum 
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