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Abstract
Purpose of Review  The gastrointestinal tract acts as an endocrine organ, releasing hormones that regulate glucose homeo-
stasis, appetite, energy expenditure, and gastrointestinal motility. In type 2 diabetes (T2DM) and obesity, this finely tuned 
hormonal system is disrupted, contributing to metabolic dysfunction. This review summarizes current evidence on fasting 
and postprandial responses to mixed-meal tests (MMT) and oral glucose tolerance tests (OGTT) of proglucagon-derived 
peptides (PGDPs), orexigenic and anorexigenic hormones, and less frequently studied gastrointestinal peptides in individu-
als with T2DM and obesity compared with healthy controls.
Recent Findings  Studies demonstrate that while GLP-1 levels are often preserved, its insulinotropic and glucagonostatic 
actions are impaired in T2DM and obesity. GIP secretion is maintained or increased but exhibits reduced biological effi-
cacy. Oxyntomodulin and GLP-2 show blunted postprandial responses, whereas glicentin, GRPP, and MPGF remain poorly 
characterized but appear dysregulated. PYY is reduced in obesity and shows impaired postprandial rises in T2DM, while 
PP is frequently elevated in T2DM. CCK resistance may diminish satiety signaling, though secretion data are inconsistent. 
Secretin and amylin exhibit complex, stage-specific alterations, whereas ghrelin and obestatin are typically reduced in both 
conditions.
Summary  Gut hormone alterations in T2DM and obesity include both adaptive and pathogenic features, reflecting disrup-
tions across multiple peptide systems. Standardization of peptide measurements and deeper investigation into their mecha-
nistic roles will be essential for advancing precision-based interventions targeting gastrointestinal hormones in metabolic 
disease.

Keywords  Type 2 diabetes mellitus · Obesity · Proglucagon derived peptides · Gut derived peptides · Fasting · 
Postprandial
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GOAT	� ghrelin O-acyltransferase
GRPP	� glicentin-related pancreatic polypeptide
HOMA-IR	� homeostatic model assessment of insulin 

resistance
HbA1C	� glycated hemoglobin
IAPP	� islet amyloid polypeptide
IGT	� impaired glucose tolerance
IP-1	� intervening peptide-1
iAUCs	� incremental areas under the curve
MAFLD	� metabolic dysfunction-associated fatty liver 

disease
MMT	� mixed-meal test
MPGF	� major proglucagon fragment
OGTT	� oral glucose tolerance test
OXM	� oxyntomodulin
PC	� prohormone convertase
PGDPs	� proglucagon-derived peptides
POMC	� proopiomelanocortin
PP	� pancreatic polypeptide
PYY	� peptide YY
RAMPs	� calcitonin receptor with receptor activity-

modifying proteins
RIA	� radioimmunoassay
RYGB	� Roux-en-Y gastric bypass
SCT	� secretin
SCTR	� secretin receptor
SG	� sleeve gastrectomy
T2DM	� type 2 diabetes mellitus

Introduction

The gastrointestinal tract is traditionally recognized for its 
roles in nutrient digestion and absorption; however, it also 
functions as a complex endocrine organ. Specialized entero-
endocrine cells distributed along the gut secrete a wide 
range of peptides, collectively known as gut hormones or 
gut peptides, which orchestrate critical processes in glucose 
metabolism, appetite regulation, gastrointestinal motility, 
and energy homeostasis [1]. These peptides have attracted 
increasing attention due to their relevance in the pathophys-
iology and treatment of obesity, type 2 diabetes mellitus 
(T2DM), and related metabolic disorders.

Despite intense focus on incretins such as (glucagon-
like peptide-1) GLP-1 and glucose-dependent insulinotro-
pic polypeptide (GIP), comprehensive evaluation of other 
gut peptides—including proglucagon-derived peptides 
(PGDPs) beyond GLP-1 and GIP, as well as orexigenic and 
anorexigenic hormones—remains lacking.

Among the most studied gut-derived peptides are the 
incretins: GLP-1 and GIP. GLP-1, produced by intesti-
nal L-cells in response to food intake, enhances insulin 

secretion, suppresses glucagon, delays gastric emptying, 
and promotes satiety [2]. GIP, secreted by K-cells, similarly 
stimulates insulin release but loses efficacy in advanced 
T2DM [3]. Therapeutics based on these peptides—includ-
ing GLP-1 receptor agonists and dual GLP-1/GIP receptor 
agonists like tirzepatide—have shown significant benefits in 
glycemic control and weight reduction [4].

GLP-1, along with other PGDPs such as oxyntomodu-
lin (OXM), glucagon-like peptide-2 (GLP-2), glicentin, 
and glucagon, is encoded by the proglucagon (Gcg) gene 
[5]. In pancreatic alpha cells, proglucagon is processed by 
prohormone convertase 2 (PC2) to generate glucagon, gli-
centin-related pancreatic polypeptide (GRPP), intervening 
peptide-1 (IP-1), and major proglucagon fragment (MPGF) 
[5]. In contrast, in intestinal L-cells and specific neurons, 
prohormone convertase 1/3 (PC1/3) mediate the production 
of GLP-1, GLP-2, OXM, glicentin, and IP-2 [5]. Interest-
ingly, alpha cells may also express PC1/3, contributing to 
local islet-derived GLP-1 that augments insulin secretion 
in a paracrine manner [6]. Each PGDP has distinct roles: 
GLP-2 supports intestinal health, glucagon regulates blood 
glucose and appetite, OXM acts on both GLP-1 and gluca-
gon receptors to reduce appetite and body weight, and gli-
centin influences gut growth and motility [4, 6].

Beyond PGDPs, other gut-derived peptides such as 
peptide YY (PYY), pancreatic polypeptide (PP), secretin 
(SCT), amylin, ghrelin, and obestatin contribute to meta-
bolic regulation. PYY and PP are key satiety signals, while 
SCT is involved in appetite suppression, bile secretion, and 
thermogenesis [7–9]. Amylin, co-secreted with insulin, 
modulates postprandial glucose levels and gastric emptying 
but may exacerbate beta cell stress when dysregulated [10]. 
Ghrelin, a stomach-derived hormone, stimulates appetite 
and opposes insulin action, whereas obestatin, derived from 
the same precursor as ghrelin, may counteract its orexigenic 
effects [11]. Notably, ghrelin and PYY influence not only 
appetite but also insulin secretion and action, with ghrelin 
inhibiting and PYY potentially supporting beta cell function 
over time [12, 13].

There is growing evidence that the secretion and action 
of these peptides are altered in metabolic disease. T2DM 
is characterized by hyperglucagonemia, impaired postpran-
dial suppression of glucagon, and reduced responsiveness 
to incretins—a phenomenon known as the “incretin defect” 
[14]. Although the secretion of GLP-1 and GIP may not be 
markedly reduced, beta cell sensitivity to their insulinotro-
pic effects is diminished [14]. In contrast, exogenous GLP-1 
at pharmacological doses can overcome this resistance, 
unlike GIP [15]. Patients with T2DM also display blunted 
postprandial responses of OXM, glicentin, and PYY, along 
with paradoxically lower fasting ghrelin levels, possibly 
reflecting hormonal resistance or compensatory adaptations 
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[16–18]. Moreover, fasting ghrelin has been inversely corre-
lated with insulin sensitivity, further linking it to metabolic 
dysregulation [19].

Despite their biological importance, many gut-derived 
peptides remain understudied in clinical contexts, and their 
secretion dynamics, receptor distributions, and physiologi-
cal actions differ substantially between healthy individuals 
and those with obesity or T2DM, with important therapeutic 
implications. Although alterations in individual gut peptides 
have been widely reviewed, no prior review has comprehen-
sively integrated evidence on all gut-derived peptides across 
both obesity and T2DM, and analyses of fasting and post-
prandial dynamics across peptide classes remain limited. 
In this narrative review, we synthesize current evidence on 
classical incretins and less frequently examined gastrointes-
tinal hormones—including PGDP beyond GLP-1 and GIP, 
as well as orexigenic and anorexigenic peptides—compar-
ing individuals with obesity or T2DM with healthy controls. 
Importantly, we examine gut peptide responses not only in 
the fasting state but also following physiological stimuli, 
distinguishing findings from mixed-meal tests (MMT) and 
oral glucose tolerance tests (OGTT) and highlighting the 
influence of meal composition on postprandial hormone 
secretion. By integrating dispersed literature across experi-
mental conditions and peptide classes, this review aims to 
clarify inconsistencies in reported responses and to provide 
a physiological framework relevant to emerging multi-ago-
nist incretin-based therapies.

Literature Search

This is a narrative review, and the literature search was 
conducted up to June 2025 to capture relevant evidence on 
gut peptide alterations in obesity and T2DM rather than to 
perform a systematic review. A search was performed using 
PubMed and Google Scholar, as well as the reference lists 
of relevant review and research articles. Key search terms 
included “obesity,” “type 2 diabetes mellitus,” “GLP-1,” 
“GLP-2,” “proglucagon,” “glucagon,” “oxyntomodulin,” 
“glicentin,” “major proglucagon fragment or MPGF,” 
“glicentin-related pancreatic polypeptide or GRPP,” “GIP,” 
“incretins,” “peptide YY,” “cholecystokinin,” “secretin,” 
“amylin,” “ghrelin,” “obestatin,” “fasting,” “postprandial,” 
and “meal.” Only original research articles and meta-analy-
ses published in English were included. No strict time frame 
was applied; however, very old studies (pre-1980) or stud-
ies that used measurement methods no longer considered 
valid were generally excluded when more recent, reliable 
evidence was available, with a few exceptions when data 
were limited. This search strategy was used to capture fast-
ing and postprandial data on both classical and less-studied 

gut peptides in individuals with obesity or T2DM. Given 
the breadth of the available literature, it was not possible to 
discuss all relevant studies in detail. Therefore, emphasis 
was placed on representative, recent and methodologically 
robust evidence.

The PGDPs

Glucagon

Glucagon is a 29-amino acid peptide hormone produced by 
pancreatic alpha cells through the action of PC2 on proglu-
cagon, with trace amounts also detected in brain neurons 
[5]. Its primary stimulus is hypoglycemia, though mixed 
meals, amino acids, and various peptides and hormones also 
promote its release [5]. Notably, sympathetic and parasym-
pathetic signaling, along with neuropeptides, enhance glu-
cagon secretion [5]. Glucagon exerts autocrine effects on 
alpha cells to stimulate its own production, while insulin, 
somatostatin, gamma-aminobutyric acid (GABA), amylin, 
serotonin, and GLP-1 suppress its release [5, 20]. It has 
a short half-life, with hepatic and renal clearance playing 
major roles in its metabolism [5]. Upon secretion, glucagon 
binds to its G-protein-coupled receptor (GCGR), primar-
ily expressed in the liver and kidneys, leading to increased 
cyclic AMP (cAMP) levels [5]. This cascade promotes gly-
cogenolysis and gluconeogenesis while inhibiting glycoly-
sis and glycogenesis, resulting in elevated blood glucose 
levels [5]. Glucagon also stimulates fatty acid oxidation and 
ketogenesis under low-glucose conditions [5]. However, 
its role in glucose metabolism is complex, as GCGRs are 
also found in beta cells, where glucagon enhances glucose-
mediated insulin secretion [5]. Recent data suggest that glu-
cagon may support glucose production during fasting but 
promote insulin secretion postprandially [6]. On the other 
hand, newer data support that the insulin-secreting action of 
glucagon is mediated by its binding to the GLP-1R receptor 
on beta cells, while the increase in glucose results from the 
stimulation of GCGR in extra-pancreatic tissues [6]. Addi-
tionally, miniglucagon, a glucagon-derived peptide, inhibits 
insulin release, potentially modulating metabolic responses 
[21]. Beyond glucose regulation, glucagon suppresses appe-
tite, increases energy expenditure, and has cardioprotective 
effects, possibly through brown adipose tissue activation 
and lipolysis [5].

There is substantial evidence supporting that patients with 
T2DΜ or impaired glucose tolerance (IGT) exhibit mildly 
elevated fasting glucagon levels [22–28]. Under conditions 
of poor glycemic control or diabetic ketoacidosis, glucagon 
levels are significantly higher [29–32]. Moreover, individu-
als with T2DΜ or IGT appear to have a reduced suppression 
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OXM and Glicentin

OXM is a 37-amino acid peptide containing glucagon and 
IP-1, secreted mainly by intestinal L-cells postprandially, 
with additional central nervous system (CNS) expression 
[57]. It is rapidly degraded by dipeptidyl peptidase-4 (DPP-4) 
[57]. Although no specific receptor has been identified, OXM 
binds weakly to GLP-1 and glucagon receptors, thereby 
modulating glucose metabolism [57, 58]. It may stimulate 
glucose production and enhance intestinal glucose absorption 
via the glucagon receptor, while promoting insulin secretion 
and weight loss through GLP-1 receptor activation [57–59]. 
Exogenous OXM improves glycemic control and insulin 
secretion in both animals and humans with obesity or T2DM, 
although its concurrent glucagon receptor activity may atten-
uate its glucose-lowering effects relative to GLP-1 receptor 
agonists [57, 59]. OXM also stimulates endogenous gluca-
gon, partially offsetting its insulinotropic effect [57].

Beyond glycemia, OXM reduces food intake and 
increases energy expenditure, contributing to weight loss 
that may surpass GLP-1 receptor agonists [57, 59, 60]. 
These effects appear to be mediated by both the glucagon 
and GLP-1 receptors [57, 59, 61]. It also suppresses appetite 
and reduces gastric and pancreatic secretions [57].

Glicentin, comprising GRPP, glucagon, and IP-1, is also 
secreted by L-cells in response to nutrients [62]. It supports 
intestinal growth, slows motility, and suppresses gastric acid 
secretion [62]. Glicentin may enhance insulin secretion and 
inhibit glucagon, though its mechanism remains unclear, 
with possible action via GLP-1 receptors [62, 63]. Fasting 
glicentin levels have been associated with activation of brain 
reward centers, suggesting a role in appetite regulation [64].

Limited data are currently available regarding the impact 
of diabetes and prediabetes on endogenous OXM levels. In 
a study by Wewer Albrechtsen et al., both OXM and gli-
centin levels in the blood following an OGTT were signifi-
cantly lower in the T2DM group compared to the control 
group [17]. However, in the same study, no differences were 
observed between individuals with and without obesity 
[17]. Similarly, Stafeev et al. found that fasting and post-
prandial OXM levels were lower in patients with T2DM 
and obesity compared to those with obesity alone, with-
out diabetes [65]. It is worth noting, however, that in this 
study, patients with diabetes underwent a MMT, whereas 
the control group underwent an OGTT [65]. Furthermore, 
in patients with newly diagnosed prediabetes or diabetes 
due to acute pancreatitis, postprandial OXM levels after 
an MMT were approximately 24% lower than in healthy 
controls [66]. On the other hand, Bharmal et al. observed 
that OXM levels after a MMT were lower in patients with 

of glucagon secretion by glucose [22, 24, 27, 28, 33–36], or 
mixed meals [36–39] compared to healthy controls. Conse-
quently, both fasting and postprandial glucagon levels have 
been negatively associated with insulin sensitivity [35, 40, 
41]. Faerch et al. found that in T2DΜ, insufficient early glu-
cagon suppression followed by delayed intense suppression 
(30–120 min post-glucose) correlates with insulin resistance 
[22]. Others have reported similar early suppression deficits 
[25], while Wagner et al. found that reduced glucagon at 
120 min correlated with higher insulin sensitivity in non-
diabetic individuals, revealing inconsistencies in the data 
[42]. On the other hand, glucagon response to arginine or 
glucose has been linked to future risk of developing IGT 
according to two prospective studies [43, 44]. However, 
other studies have found no differences in fasting glucagon 
levels [35, 38, 45], or in glucagon response following glu-
cose ingestion [46] or a MMT [47] between individuals with 
T2DΜ and healthy controls. Additionally, most studies on 
postprandial glucagon response in T2DΜ have focused on 
values obtained after OGTT or carbohydrate-rich meals [22, 
25, 33, 37, 48]. This highlights a gap in the literature regard-
ing glucagon fluctuations after fat- and protein-rich meals in 
individuals with T2DΜ and prediabetes. Given that amino 
acids and fatty acids stimulate glucagon secretion while car-
bohydrates suppress it [49], further research is needed to 
explore alpha cell responses to meals of varying macronu-
trient composition.

Additionally, in individuals with diabetes, glucagon 
secretion in response to hypoglycemia is diminished, indi-
cating alpha cell dysfunction [50]. Thus, T2DΜ is associ-
ated with elevated fasting glucagon levels and abnormal 
glucagon responses to both hyperglycemic and hypoglyce-
mic states.

Hyperglucagonemia is observed in obesity, with studies 
reporting higher fasting [47, 51–55] and post-MMT or post-
OGTT glucagon levels correlated with BMI [47, 54–56]. 
Stefanakis et al. noticed that fat-rich meals induced a greater 
incremental area under the curve (iAUC) and slower glu-
cagon decline than carbohydrate-rich meals [52]. Similarly, 
Knop et al. found that although fasting glucagon levels were 
higher in individuals with obesity and normal glucose toler-
ance, glucagon responses to OGTT did not differ from those 
of lean subjects [14]. Several studies have also reported no 
abnormalities in fasting glucagon [23] or postprandial glu-
cagon areas under the curve (AUC) [34] in individuals with 
obesity versus their lean counterparts. There is currently no 
consensus regarding the postprandial glucagon response in 
obesity. It has also been suggested that obesity and hepatic 
fat deposition may be more strongly associated with hyper-
glucagonemia than T2DM [51].
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prolonged response [2]. Additionally, GLP-1 is secreted at 
basal levels during fasting and may also be regulated by 
the autonomic nervous system and ghrelin [2]. Beyond the 
intestine, GLP-1 production has been identified in pancreatic 
alpha cells under metabolic stress and in certain neurons of 
the central nervous system [2]. However, its biological activ-
ity is rapidly terminated by degradation via DPP-4, with only 
10–15% of the secreted hormone reaching the pancreas [2].

GLP-1 exerts its effects through the GLP-1 receptor 
(GLP-1R), which is primarily expressed in pancreatic beta 
and delta cells, as well as in neurons, myocardial cells, 
and other tissues [72]. Its primary function is to enhance 
glucose-dependent insulin secretion while suppressing glu-
cagon release, thereby reducing hepatic glucose production 
and maintaining glycemic homeostasis [2, 73]. It also pro-
tects beta cells by inhibiting apoptosis, slows gastric emp-
tying, reduces appetite via central mechanisms, and may 
influence lipid metabolism [2, 72, 73]. Emerging evidence 
also suggests roles in cardiovascular and renal function 
[74]. However, while GLP-1-based therapies are effective 
for glycemic control and weight loss, their full physiologi-
cal impact requires further elucidation [73].

Several studies have reported a reduced basal [75] and 
postprandial secretion of GLP-1 in patients with T2DM, 
however, recent meta-analyses have not confirmed a sig-
nificant impairment in GLP-1 secretion in individuals 
with T2DM or prediabetes compared to healthy controls, 
whether assessed after OGTT or a mixed meal [76–78]. 
Calanna et al. observed in a post-hoc analysis that higher 
glycated hemoglobin (A1C) levels were associated with a 
lower iAUC for GLP-1 [76]. Conversely, in some studies, 
patients with T2DM who had a shorter disease duration and 
lower A1C levels exhibited a higher postprandial GLP-1 
response compared to healthy controls, possibly as a com-
pensatory mechanism due to reduced GLP-1 action [76, 79]. 
This suggests that glycemic control and diabetes duration 
may influence postprandial GLP-1 secretion [76].

The meta-analysis by Watkins et al. indicated that differ-
ences in GLP-1 measurement methods might account for 
discrepancies between studies comparing individuals with 
T2DM and controls [78]. Additionally, medications such as 
metformin and colesevelam, which increase GLP-1 levels, 
may contribute to the heterogeneity observed across stud-
ies [80–82]. Furthermore, although not extensively studied, 
GLP-1 secretion appears to vary by sex and age, potentially 
affecting study outcomes. For instance, Færch et al. found a 
positive correlation between lower GLP-1 levels in individ-
uals with prediabetes or T2DM and female sex, attributing 
this partially to higher GLP-1 levels in female controls com-
pared to males [83]. The same study reported higher GLP-1 
levels in older individuals, possibly due to impaired renal 
function and reduced GLP-1 clearance [83].

diabetes or prediabetes secondary to pancreatitis compared 
to those with pre-existing T2DM or prediabetes before the 
onset of pancreatitis [67]. They suggested that OXM could 
be used in the differential diagnosis of these conditions [67]. 
In both diabetic and prediabetic groups, postprandial OXM 
levels were lower than in healthy controls [67].

To our knowledge, studies that compared directly oxyn-
tomodulin levels between subjects with obesity and those 
with normal weight are meager. Two research groups how-
ever failed to show any significant difference in OXM levels 
between lean subjects and those with obesity [17, 68].

With regard to glicentin, various findings indicate that 
patients with IGT or T2DM have lower fasting glicentin 
levels than healthy controls [69]. Notably, in one study, 
even acute IGT due to acute pancreatitis was associated 
with reduced fasting glicentin levels [70]. Manell et al. 
observed significantly lower postprandial glicentin levels 
after an OGTT in adolescents with obesity and IGT, and 
marginally lower levels when obesity was combined with 
T2DM, compared to individuals with obesity alone [69]. As 
previously mentioned, post-OGTT glicentin levels in adults 
with T2DM were also lower than in healthy controls [17]. 
In the study by Manell et al., fasting glicentin levels had 
good predictive value for diagnosing IGT in adolescents 
with obesity and normal fasting glucose level [69]. Simi-
larly, Hoffmann et al. monitored patients with prediabetes 
over a year and observed that although there were no initial 
differences, those who developed T2DM during the study 
exhibited lower post-OGTT glicentin and GLP-1 stimula-
tion, reduced postprandial glucagon suppression, and lon-
gitudinal changes in glicentin and GLP-1 AUCs that were 
predictive of T2DM onset [16]. However, other researchers 
failed to demonstrate a statistically significant association 
between fasting glicentin and insulin resistance [71].

Individuals with obesity also appear to have lower fasting 
[71] and postprandial [52, 68] glicentin levels compared to 
lean controls, although this observation is not consistently 
confirmed across studies [17, 69].

In summary, both OXM and glicentin tend to be lower 
in individuals with diabetes and/or obesity. However, it 
should be noted that the measurement of both OXM and 
glicentin have been technically challenging, requiring years 
of research to develop reliable methodologies. As a result, 
comparisons between studies utilizing different measure-
ment techniques remain difficult.

GLP-1

GLP-1 is primarily secreted by intestinal L-cells in response 
to food intake, with a biphasic release pattern postprandi-
ally [2]. Factors such as meal composition and size influ-
ence GLP-1 secretion, with lipids inducing a delayed but 
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not a major regulator of glucose, GLP-2 maintains intestinal 
integrity via its receptor (GLP-2R), promoting enterocyte 
proliferation, reducing apoptosis, and enhancing barrier 
function and blood flow [100]. It also decreases gastric acid 
and intestinal motility, though its physiological relevance 
remains under investigation [100].

GLP-2 also affects the pancreas, with pharmacological 
doses stimulating glucagon secretion in humans and mice, 
though results are inconsistent under varying glycemic con-
ditions [100, 101]. In GLP-2R-deficient ob/ob mice, ele-
vated glucagon levels, alpha cell mass, and hyperglycemia 
were observed, along with reduced beta cell mass, indicat-
ing a complex role in obesity and glucose regulation [101].

Additional GLP-2 effects include reduced bone resorp-
tion, enhanced lipid absorption, and CNS-mediated regula-
tion of blood pressure and neuroprotection [100]. Although 
rodent data suggest anorexigenic effects, peripheral GLP-2 
analogs do not significantly alter food intake in humans 
[100, 102].

Few studies have compared GLP-2 levels between indi-
viduals with diabetes and healthy controls. In a study by 
Cazzo et al., the GLP-2 AUC following a MMT was sig-
nificantly lower in participants with both T2DM and class 
I obesity, as well as in those with class III obesity without 
diabetes, compared to lean, healthy controls [103]. Con-
versely, Gelonese et al. reported a negative correlation 
between postprandial GLP-2 levels and insulin sensitivity 
[104]. However, in a study by Higgins et al., while fasting 
GLP-2 levels were not associated with insulin resistance, 
postprandial GLP-2 responses were negatively correlated 
with homeostatic model assessment of insulin resistance 
(HOMA-IR) [105].

Obesity appears to be associated with a reduced post-
prandial GLP-2 response [103], possibly due to increased 
DPP-4 activity [87], which may partly explain the findings 
of Cazzo et al. In contrast, fasting GLP-2 levels were sig-
nificantly higher in individuals with obesity compared to 
lean individuals in two other studies [52, 106], while a third 
study found no difference in fasting GLP-2 levels between 
individuals with elevated versus normal body weight [105]. 
The macronutrient composition of test meals used in dif-
ferent studies may also influence outcomes, as protein-rich 
meals appear to elicit a greater GLP-2 increase compared 
to carbohydrate-rich meals and, even more so, compared to 
high-fat meals [107].

MPGF and GRPP

Few researchers have measured MPGF levels across differ-
ent populations, and data on GRPP are nearly nonexistent. 
Since MPGF contains the GLP-1 sequence in its structure, 
older analytical methods may have falsely measured it as 

Even if GLP-1 levels remain unaffected by diabetes status, 
evidence suggests that its insulinotropic effect and suppres-
sion of glucagon secretion are impaired in individuals with 
T2DM compared to both healthy controls and those with 
IGT [34, 84] However, some studies have reported no sig-
nificant difference in GLP-1-mediated glucagon suppression 
between T2DM patients and healthy individuals [85]. Other 
researchers have noted a general incretin defect in T2DM 
and prediabetes, without differentiating whether this is due 
to impaired GLP-1 function, GIP function, or both [86].

In individuals with obesity, postprandial GLP-1 secretion 
appears to be reduced following OGTT [87], independent 
of the presence of IGT or overt T2DM [34, 83]. GLP-1 lev-
els after a MMT have been negatively associated with body 
weight in some studies [87–90], while others found no corre-
lation [91, 92]. Interestingly, Perakakis et al. and Bowen et al. 
observed a positive correlation between BMI and both fasting 
and postprandial GLP-1 levels [54, 93]. It is also possible that 
basal active GLP-1 secretion is diminished in obesity [94]. 
Weight loss through dietary interventions improves postpran-
dial GLP-1 levels, though they do not reach those observed 
in individuals with normal body weight [89, 95]. However, 
some studies, such as those by Sumithran et al., have reported 
no significant changes in GLP-1 levels despite one year of 
weight loss [96]. Sloth et al. observed an initial decrease in 
GLP-1 levels after eight weeks of dieting, but levels returned 
to baseline by six months [97].

A study on monozygotic and dizygotic twins suggested 
that approximately 67% of the GLP-1 response after OGTT 
is genetically determined [98]. In the same study, GLP-1 lev-
els after both OGTT and MMT were lower in twins with 
higher body weight compared to their leaner siblings, with 
associations to insulin resistance and hepatic fat deposition 
[98]. The authors concluded that obesity alone is insufficient 
to impair incretin responses; other metabolic syndrome com-
ponents may also contribute [98]. However, a limitation of 
this study was the lack of glucagon measurements. Muscelli 
et al. found that incretin function was negatively correlated 
with both body weight and the presence of T2DM, indepen-
dently of one another [34]. Some researchers, however, have 
found no significant differences in GLP-1 levels between 
individuals with obesity and those with normal weight 
[99]. Collectively, the available data suggest that postpran-
dial GLP-1 secretion may be impaired in obesity; however, 
whether this is a consequence of increased body weight or 
contributes to the pathogenesis of obesity remains unclear.

GLP-2

Glucagon-like peptide-2 (GLP-2), a 33-amino acid peptide 
co-secreted with GLP-1, which exhibits a biphasic release 
pattern and is rapidly inactivated by DPP-4 [100]. Though 
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contributing to glucose regulation under both hypoglycemic 
and hyperglycemic conditions [3]. Thus, GIP plays a comple-
mentary role in maintaining glucose homeostasis [3]. Unlike 
GLP-1, GIP does not slow gastric emptying but can inhibit 
gastric acid secretion at high concentrations [111]. GIP 
receptors are expressed in the CNS, bone, and adipose tissue, 
where GIP promotes anabolic effects and may enhance bone 
formation [3]. Its influence on memory, liver fat, and appetite 
regulation remains less clearly defined [3, 112].

In individuals with T2DM, both basal and postprandial 
GIP secretion has been reported to be slightly increased in 
some studies [34, 113, 114]. However, a meta-analysis of 
22 studies indicated no significant difference in GIP secre-
tion following an OGTT or MMT between individuals with 
and without T2DM, a finding also reported for GLP-1 [115]. 
According to the same meta-analysis, BMI was positively 
associated with the GIP response, whereas age and A1C 
levels showed a negative correlation [115]. Given the het-
erogeneity among studies and measurement methodologies 
for GIP, it remains possible that as T2DM progresses, GIP 
synthesis may ultimately decline. Even if GIP production is 
maintained, all available evidence suggests that in individu-
als with T2DM of various etiologies, GIP loses its ability to 
stimulate insulin secretion from beta cells [15, 116, 117]. 
This loss of GIP’s incretin effect could be either a conse-
quence or a cause of diabetes. Evidence suggests that the 
impairment in GIP-induced insulin secretion occurs after, 
rather than before, the onset of insulin resistance, making it 
more likely a consequence of the metabolic disorder leading 
to T2DM [118, 119]. Two potential mechanisms have been 
proposed to explain the loss of GIP function: a reduction in 
beta cell mass due to the progression of diabetes and glu-
cotoxicity or a decrease in GIP receptor (GIPR) expression 
on beta cells [120]. On the other hand, improving glycemic 
control to near-normal levels may partially, but not fully, 
restore the GIP’s incretin action [121, 122].

GIP has an anabolic effect on adipose tissue, promoting 
subcutaneous fat deposition while also enhancing the release 
of pro-inflammatory cytokines from adipose tissue—distur-
bances commonly observed in obesity [3]. However, data 
on the effect of obesity on GIP levels remain limited. Some 
evidence suggests that individuals with overweight/obesity 
exhibit increased fasting and postprandial GIP secretion fol-
lowing an OGTT or MMT [14, 99, 123–125]. A positive 
correlation between body weight and GIP levels has also 
been observed in patients with T2DM [115]. Conversely, 
other studies have reported no difference [87, 89, 98, 126–
128] in GIP levels in individuals with obesity compared to 
lean ones. The discrepancies among studies may be attrib-
uted to differences in methodology and GIP measurement 
techniques.

GLP-1 [45]. Stefanakis et al. examined individuals with 
obesity, overweight, and normal body weight and observed 
a positive correlation between MPGF—both fasting and 
postprandial—and body mass index (BMI) [54]. Weight 
loss following a three-month treatment with either liraglu-
tide or bupropion/naltrexone resulted in a reduction of the 
postprandial MPGF response, with the effect being more 
pronounced in the bupropion/naltrexone group and inde-
pendent of changes in body weight. However, this reduc-
tion correlated negatively with changes in lean mass [108]. 
Notably, the decrease in fasting glucose levels following the 
three-month intervention and weight loss was negatively 
associated with the reduction in MPGF AUC [108].

Similarly, in a recent study by the same group, no dif-
ferences in MPGF levels were observed between lean indi-
viduals and those with obesity when consuming a balanced, 
low-calorie meal [52]. However, following a high-calorie, 
high-fat meal, the postprandial MPGF response was greater 
in the obesity group [52]. Additionally, participants in the 
high-fat meal study arm exhibited differences in fasting 
MPGF levels, with higher values observed in the obesity 
group [52]. MPGF levels also showed a positive correla-
tion with body weight, body fat and male sex [52]. In the 
same study, a comparison between a high-fat meal and a 
carbohydrate-rich meal revealed that MPGF exhibited a 
more prolonged elevation following fat consumption [52].

Furthermore, in a study by Polyzos et al., where partici-
pants underwent liver biopsy, MPGF levels were positively 
associated with hepatic steatosis in the early stages of meta-
bolic dysfunction-associated fatty liver disease (MAFLD) 
[109]. On the other hand, Kokkinos et al. did not observe 
a significant difference in either fasting or postprandial 
MPGF levels between patients with obesity and lean ones 
[68]. Direct evidence comparing MPGF levels between 
individuals with and without diabetes is lacking, and the 
same is true for GRPP.

Other Gut Peptides

GIP

The GIP gene, located on chromosome 17, encodes proGIP, 
which is processed to the active form GIP (1–42) by PC 
1/3 [3]. GIP is secreted by the K-cells of the small intestine 
in response to nutrients, particularly fats and carbohydrates, 
and has a short half-life due to DPP-4 degradation [3]. 
Unlike GLP-1, GIP remains more stable and is also cleared 
by the kidneys [110].

GIP promotes insulin secretion, synthesis, beta cell prolif-
eration, and survival [3]. It also stimulates glucagon release, 
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after a fat-rich meal differed between the two groups [136]. 
Furthermore, according to Belinova et al., meal composi-
tion plays a role in the PYY response [137]. A carbohydrate-
based meal induced greater PYY responses in individuals 
with T2DM compared to a fat- and protein-rich meal, while 
the opposite was observed in healthy controls [137].

However, other studies have not found a significant cor-
relation between fasting PYY and insulin resistance [138, 
139], while Brownley et al. reported a positive correlation 
between PYY AUC and insulin sensitivity [140].

On the other hand, existing data consistently indicate 
that PYY levels, both fasting [141–145], and postprandial 
[140–144, 146, 147] are lower in individuals with obesity 
compared to lean individuals. PYY has also been found to 
be negatively associated with BMI [139, 141]. There does 
not appear to be resistance to PYY action in individuals with 
obesity, as exogenous administration led to appetite sup-
pression similar to that observed in healthy controls [142]. 
Additionally, the ratio of PYY(1–36) to PYY(3–36) did not 
differ between individuals with normal and increased body 
weight, suggesting an overall reduction in PYY produc-
tion in obesity rather than a selective decrease in its frac-
tions [142]. Given that PYY suppresses appetite, its lower 
concentrations in individuals with obesity may contribute 
to increased food intake and weight gain. However, some 
researchers did not observe a significant difference in fast-
ing PYY levels [140, 147–150] or postprandial PYY levels 
[145, 149] or following an OGTT [150] between individu-
als with and without obesity. Others paradoxically found a 
positive correlation between PYY levels and body weight 
[131]. Stock et al., despite not recording a significant differ-
ence in PYY AUC after a mixed meal between individuals 
with obesity and controls, observed an earlier postprandial 
increase in PYY at 15 min in healthy controls, which was 
absent in the obesity group [149].

Overall, based on the above, PYY has a strong anorexi-
genic effect, and its levels are likely suppressed in individu-
als with obesity, which may at least partially explain their 
increased food intake and weight gain. Conversely, exoge-
nous PYY administration has been found to reduce appetite 
[141]. Finally, in individuals with T2DM, there is evidence 
of elevated fasting PYY levels but an inadequate post-
prandial increase. PYY suppresses insulin secretion while 
simultaneously enhancing tissue insulin sensitivity. There-
fore, its diminished postprandial response may be linked to 
the hypersecretion of insulin observed in individuals with 
T2DM and insulin resistance.

Pancreatic polypeptide (PP) is a 36-amino acid peptide 
secreted by F-cells of the pancreatic islets in response to 
food intake, particularly fats, though other factors such as 
cholecystokinin (CCK), GIP, adrenaline, and somatosta-
tin also regulate its release [9]. PP levels remain elevated 

PYY and PP

PYY, composed of 36 amino acids, is primarily produced 
by intestinal L-cells and plays a key role in appetite regula-
tion and metabolism [7]. It is released in response to food 
intake, reaching peak levels two hours postprandially, with 
its secretion influenced by meal composition and vagal 
nerve activity [7]. PYY(1–36) is metabolized by DPP-4 into 
PYY(3–36), its more active form, which primarily binds to 
Y2 receptors in the brain, suppressing appetite by inhibit-
ing agouti-related peptide and neuropeptide Y (AgRP/NPY) 
neurons and activating proopiomelanocortin (POMC) neu-
rons [7]. Additionally, PYY increases energy expenditure 
by enhancing thermogenesis, reduces gastric motility, and 
increases intestinal absorption of water and sodium [7, 129].

Regarding its effects on metabolism, PYY appears to sup-
press glucose-stimulated but not basal insulin secretion and 
also inhibits lipolysis [13]. The exact mechanism by which 
PYY reduces glucose-induced insulin secretion remains 
unclear, though both direct and indirect actions on beta cells 
have been proposed [13]. Experimental studies suggest that 
PYY administration enhances insulin sensitivity [13, 130]. 
While both forms exhibit anorexigenic effects, PYY(1–36) 
plays a greater role in insulin suppression, whereas PYY(3–
36) primarily enhances insulin sensitivity [13]. Together, 
they ultimately lower insulin levels and insulin resistance, 
although this effect is not yet well-documented [13]. Overall, 
it contributes to energy balance and has been proposed as a 
potential therapeutic target for obesity and diabetes [13].

The available data so far are inconclusive regarding the 
actual status of PYY levels in individuals with T2DM. Fast-
ing PYY levels have been found to be elevated in individu-
als with T2DM or IGT compared to healthy controls [131, 
132], and they correlated positively with A1C levels [131]. 
In another study however, first degree relatives of patients 
with T2DM had lower basal PYY than the control group, 
which was negatively correlated with insulin resistance 
[133]. English et al. observed that while fasting PYY was 
higher in individuals with T2DM, the postprandial PYY 
response was attenuated compared to weight-matched 
healthy controls [132]. In individuals with a combination of 
obesity and T2DM/IGT, the PYY response to fat intake was 
also diminished compared to the control group; however, in 
this case, the coexistence of severe obesity may have influ-
enced the results [134]. Conversely, the PYY AUC follow-
ing a ΜΜΤ was higher in individuals with T2DM compared 
to those with IGT; however, this study did not include a com-
parison with healthy controls [135]. Additionally, Viardot 
et al. reported a lower PYY response after a carbohydrate-
rich meal in individuals with a family history of T2DM but 
without IGT, compared to those without a family history of 
T2DM, whereas neither fasting PYY levels nor PYY AUC 
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the vagus nerve, suppression of ghrelin, and stimulation of 
leptin by CCK [8, 162].

In individuals with obesity, there appears to be resis-
tance of vagal neurons to CCK, leading to a diminished 
anorexigenic effect [145] and perhaps impaired CCK 
secretion. However, a recent meta-analysis found no sig-
nificant differences in CCK levels between lean individ-
uals and people with obesity [163]. On the other hand, 
limited data exist regarding potential CCK dysregulation 
in individuals with T2DM compared to healthy individu-
als. Milewicz et al. did not observe differences in fasting 
CCK levels between participants with and without T2DM, 
although CCK was positively correlated with leptin and 
insulin [164]. Notably, findings by Rhee et al., who ana-
lyzed intestinal biopsies, indicated that CCK mRNA 
expression and the density of CCK-producing cells were 
similar between samples from patients with T2DM and 
those from healthy controls [165]. In contrast, another 
study found that while fasting CCK levels did not differ 
between individuals with and without T2DM, the post-
prandial CCK response was significantly lower in the dia-
betes group [166]. However, an opposing set of findings 
was reported by another research team [167], highlighting 
the inconsistency of available data and the difficulty in 
drawing definitive conclusions.

Secretin

Secretin (SCT) is a 27-amino acid peptide primarily pro-
duced by S-cells in the proximal small intestine, with addi-
tional expression in enteroendocrine and dendritic cells 
[168, 169]. Its secretion is stimulated by acidic gastric con-
tents, lipids, and proteins, while the role of carbohydrates 
remains unclear [168, 169]. Prolonged fasting increases 
SCT levels, and a secretin-releasing peptide has been iden-
tified [169]. SCT has a short half-life (2.5–4 min) and is 
primarily cleared by the kidneys [169].

SCT exerts its effects through the secretin receptor 
(SCTR), a G protein-coupled receptor widely expressed 
in the body [168, 169]. Its primary function is to stimulate 
pancreatic exocrine secretion, while it also inhibits gastric 
acid secretion and gastric emptying [168, 169]. In the hepa-
tobiliary system, SCT promotes bicarbonate-rich bile secre-
tion and relaxation of the sphincter of Oddi, facilitating bile 
flow into the duodenum [168]. Emerging evidence suggests 
a role for SCT in appetite regulation, as both central and 
peripheral SCT administration suppresses food intake, pos-
sibly via activation of POMC neurons in the arcuate nucleus 
and the vagus nerve [170]. SCT also exhibits neuroprotec-
tive properties and may be critical for brain development 
[168, 169].

for about six hours post-secretion and it is metabolized by 
DPP-4 and neprilysin [9]. It binds to Y4 receptors in the 
brainstem, hypothalamus, and other tissues, reducing appe-
tite, pancreatic exocrine secretion, gastric emptying, and 
gallbladder motility [9]. In mice, PP has been linked to 
increased energy expenditure, likely due to enhanced loco-
motion [9]. While it suppresses insulin secretion, it also 
exerts a protective effect on beta cells [151]. PP administra-
tion in animals, and humans, including those with Prader-
Willi syndrome, reduces appetite and food intake [151].

Limited human studies have shown that fasting and post-
prandial PP levels are elevated in individuals with T2DM 
compared to healthy controls. Among T2DM patients, those 
not receiving insulin therapy exhibit higher PP levels than 
insulin-treated individuals [152]. In diabetes secondary to 
chronic pancreatitis, both basal and postprandial PP secre-
tion are increased compared to patients with chronic pancre-
atitis without diabetes [153]. However, in individuals who 
developed diabetes or prediabetes after acute pancreatitis, 
PP secretion does not differ from healthy controls [154]. 
Another study reported higher PP levels in T2DM patients 
without pancreatic disease compared to those with diabetes 
due to pancreatic exocrine dysfunction [155]. Weight loss in 
T2DM patients is associated with reduced PP levels, and PP 
changes correlate inversely with insulin sensitivity [156].

In Prader-Willi syndrome-related obesity, both fasting 
and postprandial PP levels are reduced [157]. However, 
findings in non-syndromic obesity are inconsistent, with 
some studies reporting decreased fasting and postprandial 
PP levels [158, 159], while others found no difference com-
pared to lean individuals [160]. Diet-induced weight loss 
has been linked to increased fasting PP in children with obe-
sity [158], and exercise has been shown to enhance post-
prandial PP response [161]. In contrast, a study by Kahleova 
et al. reported that diet-induced weight loss led to reduced 
fasting and postprandial PP levels in adults with T2DM, 
with no additional effect from exercise [156].

CCK

CCK is produced by I cells in the duodenum, as well as by 
neurons in the gut and brain [8, 162]. Food intake, particu-
larly lipids and proteins, stimulates CCK secretion, which 
subsequently binds to CCK-1 receptors in peripheral tis-
sues and CCK-2 receptors in the CNS [8]. CCK receptors 
are G protein-coupled, and their activation facilitates nutri-
ent absorption in the intestine, slows gastric emptying and 
gastric acid secretion, stimulates the exocrine pancreas to 
produce digestive enzymes, enhances gallbladder contrac-
tion, reduces energy intake, and increases insulin secretion 
[8, 162]. Many of these effects are mediated by activation of 
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Amylin

Amylin (formerly known as diabetes-associated peptide) is 
a 37-amino acid peptide encoded by the IAPP (islet amy-
loid polypeptide) gene [10]. It is co-secreted with insulin 
by pancreatic beta cells, as well as by enteroendocrine and 
neural cells [10]. Within pancreatic islets, amylin is stored 
with insulin and released in response to food intake, regu-
lated by signals such as GLP-1 [10, 186]. Structurally simi-
lar to calcitonin, amylin acts via its receptor, formed by the 
heterodimerization of the calcitonin receptor with receptor 
activity-modifying proteins (RAMPs 1–3) [10]. Initially 
synthesized as a prohormone, it is activated through proteo-
lytic processing by proconvertases, akin to PGDPs [186].

Amylin suppresses appetite by acting directly on the 
brain and enhancing leptin’s effects, while also promot-
ing increased energy expenditure [10, 187]. It plays a dual 
role in glucose homeostasis and T2DM progression. It sup-
presses postprandial glucagon release, hepatic glucose pro-
duction, pancreatic enzyme secretion, and gastric emptying, 
lowering postprandial blood glucose levels [186]. However, 
in early T2DM, excessive amylin production due to insu-
lin resistance leads to amyloid aggregation, contributing to 
beta cell dysfunction and disease progression [10]. Beyond 
its metabolic functions, amylin may have neuroprotective 
and cardiovascular effects, while also being implicated in 
amyloid-related diseases, such as Alzheimer’s [186, 187].

With regard to T2DM, Harter et al., observed that indi-
viduals with T2DM on insulin treatment exhibited lower 
fasting amylin levels, as expected considering that exoge-
nous insulin suppresses b-cell insulin/amylin co-excretion, 
while subjects on oral antidiabetic medications had higher 
basal amylin values than the control group [188]. In the same 
study, amylin response to OGTT was higher in the group with 
diabetes [188]. On the other hand, Hanabusa et al., reported 
similar fasting amylin in T2DM- lean patients on oral hypo-
glycemic agents and lower fasting amylin in insulin-treated 
T2DM subjects, along with decreased amylin responses to 
OGTT compared with healthy controls [189]. Fasting amylin 
values were also found to be lower in T2DM patients on met-
formin and higher in those on glibenclamide, in comparison 
to healthy controls [190]. Higher fasting [191–193], as well 
as lower post OGTT [193, 194] and higher post MMT [79] 
amylin levels have been reported by other research groups. 
Some studies however did not observe differences in either 
fasting [194, 195] or postprandial [195] amylin secretion 
in subjects with T2DM compared with healthy controls. It 
is important to highlight that all the aforementioned stud-
ies involved patients receiving treatment with metformin, 
sulfonylureas, insulin, or dietary interventions. The impact 
of newer antidiabetic agents on amylin secretion remains 
unexplored. Additionally, during the early stages of T2DM, 

SCT has a weak incretin effect, primarily influencing early-
phase glucose-mediated insulin secretion rather than insulin 
synthesis [171]. However, its insulinotropic action appears 
significant only at supraphysiological concentrations [171]. 
It may also suppress glucagon release under hyperglycemic 
conditions but not during euglycemia [172]. Additionally, 
SCT has been implicated in thermogenesis via UCP-1 activa-
tion in brown adipose tissue [173], and in lipolysis in white 
adipose tissue [174]. Beyond metabolic regulation, SCT has 
been associated with increased cardiac output, stroke volume, 
and coronary and renal blood flow while reducing peripheral 
vascular resistance [168, 169]. It may also play a role in air-
way hydration, mucus clearance, smooth muscle relaxation, 
and whole-body water balance [168, 169].

In patients with DM, SCT-induced insulin secretion has 
been found to be reduced compared to healthy controls 
[175–177], although some researchers have reported no 
significant difference between individuals with and without 
DM [178, 179]. A recent study by Gilliam-Vigh et al., using 
intestinal biopsies, also demonstrated that SCT synthesis, 
SCTR mRNA expression, and the density of S-cells did 
not differ between patients with T2DM and healthy volun-
teers [180]. On the other hand, secretin release in response 
to duodenal acidification was found lower in patients with 
DM compared with the control group [177]. On the con-
trary, Trimble et al., reported higher fasting as well as post 
OGTT secretin values in subjects with newly diagnosed 
T2DM compared with healthy controls, although glucose 
consumption during OGTT suppressed secretin secretion in 
both groups [181].

In individuals with obesity, there is evidence that the SCT 
increase in response to prolonged fasting, as well as insu-
lin secretion following an OGTT in response to exogenous 
SCT administration, is lower compared to normal weight 
individuals [182]. However, other studies have found no 
significant differences in fasting SCT levels or postprandial 
SCT response following a high-fat meal across individuals 
with varying body weights [183, 184], except in cases where 
obesity coexisted with IGT, in which case the incretin effect 
of SCT was diminished compared to healthy controls [184]. 
Conversely, according to Erk et al., individuals with obe-
sity required lower doses of exogenous SCT to elicit insulin 
release compared to normal weight individuals [179].

Most of the aforementioned studies on individuals with 
obesity and DM date back several decades, and SCT mea-
surements were performed using radioimmunoassay (RIA), 
which detected porcine SCT. This technique has been criti-
cized for its reliability, potentially explaining the incon-
sistencies in the reported findings [185]. Therefore, the 
development of more accurate methods for SCT measure-
ment is necessary to enable reliable comparisons across dif-
ferent populations.
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hypoglycemia during energy deficiency [205]. Beyond 
metabolism, ghrelin supports cardiovascular health, 
enhances gastric motility, and shows neuroprotective effects 
in models of Parkinson’s disease [206].

Desacyl ghrelin, previously thought inactive, may coun-
teract acyl ghrelin by improving insulin sensitivity and 
modulating fat distribution [207].

While ghrelin promotes weight gain in rodents [208], 
paradoxically, individuals with obesity tend to have lower 
fasting ghrelin levels than lean individuals [209, 210]. Lean 
individuals have higher fasting ghrelin levels than those 
with obesity [211, 212], with the highest levels observed 
in patients with anorexia [213, 214]. This paradox has led 
to the hypothesis of ghrelin resistance, characterized by 
decreased ghrelin receptor (GHS-R) expression in the hypo-
thalamus and reduced AgRP/NPY peptide production [215]. 
Additionally, while total and acylated ghrelin levels are 
lower in obesity, the enzyme GOAT—responsible for ghre-
lin acylation—appears to be upregulated in severe obesity, 
possibly as a compensatory response to low ghrelin levels 
[216]. On the other hand, postprandial suppression of ghre-
lin, a crucial mechanism for satiety, is impaired in obesity, 
contributing to prolonged food intake and increased caloric 
consumption [147, 217].

Obesity is often associated with insulin resistance and 
hyperinsulinemia, which may explain the inverse rela-
tionship between ghrelin and BMI. Several studies have 
reported lower fasting ghrelin levels in patients with 
T2DM compared to healthy controls [137, 218, 219] and 
many data support a negative correlation between fasting 
ghrelin and insulin resistance, independently of BMI [19, 
220, 221]. Postprandial ghrelin responses in T2DM remain 
understudied. Some findings suggest that individuals with 
T2DM exhibit diminished postprandial ghrelin suppres-
sion and a transient postprandial drop, potentially linked 
to fasting ghrelin levels [137, 222]. On the contrary, Erd-
mann et al., reported that diabetes alone did not influence 
postprandial ghrelin responses [219]. Notably, lower fasting 
ghrelin levels correlate with an increased risk of T2DM and 
hypertension, even in individuals with a family history of 
T2DM [223]. Genetic factors also play a role, with specific 
polymorphisms in the ghrelin and GHS-R genes linked to 
increased susceptibility to obesity and T2DM [223–227].

Most evidence indicates that weight loss increases ghre-
lin levels in individuals with obesity [228, 229], while oth-
ers found neutral effect of weight loss on ghrelin [230, 231]. 
However, once body weight stabilizes post-weight loss, 
ghrelin tends to return to its original low levels [232].

Obestatin is a 23-amino acid peptide derived from the 
proghrelin molecule, similar to ghrelin, with the stomach 
as its primary site of synthesis [233, 234]. It is also secreted 
in smaller amounts by the intestine and pancreatic ε-cells 

insulin resistance and compensatory hyperinsulinemia may 
lead to elevated amylin secretion. As beta cell dysfunction 
progresses, however, the production of both insulin and 
amylin declines. This dynamic may, at least in part, account 
for the inconsistencies observed across existing studies.

Trials in humans have demonstrated that individuals 
with obesity exhibit elevated fasting amylin levels [191, 
194–196] and greater postprandial amylin responses com-
pared to lean individuals [194, 196, 197], even when obesity 
co-exists with T2DM on oral hypoglycemic agents [189]. A 
positive correlation has also been reported between amy-
lin levels and both body weight [198] and insulin resistance 
[196]. This suggests that amylin may either increase in par-
allel with body weight as a compensatory mechanism aimed 
at reducing adiposity or that obesity-induced resistance to 
amylin’s effects leads to its upregulation. Notably, weight 
loss through diet and exercise has been shown to reduce 
fasting amylin levels in both normal-weight individuals and 
people with obesity [199], and similar were the results with 
combined training in a group of patients with T2DM [198].

Ghrelin and Obestatin

Ghrelin was initially identified for its role in growth hor-
mone (GH) regulation rather than appetite stimulation 
[200]. While GH release is primarily regulated by growth 
hormone-releasing hormone (GHRH) and somatostatin, 
ghrelin acts independently through the GH secretagogue 
receptor (GHS-R) [11]. It is mainly produced in the stom-
ach but is also synthesized in the pancreas, placenta, and 
other tissues [11]. Ghrelin is derived from preproghrelin and 
becomes active through acylation by the enzyme ghrelin 
O-acyltransferase (GOAT) [201]. It circulates in both acyl-
ated (active) and desacylated (inactive) forms, with secre-
tion influenced by fasting, insulin, and body weight [11].

Ghrelin binds to GHS-R1a in the hypothalamus and periph-
eral tissues, stimulating GH secretion and appetite via AgRP/
NPY neurons [11]. It also activates AMP-activated protein 
kinase (AMPK) and interacts with vagal and dopaminergic 
pathways [11]. In addition to promoting food intake, ghrelin 
reduces energy expenditure by suppressing thermogenesis in 
brown adipose tissue and increasing fat storage [11].

In the pancreas, ghrelin may inhibit glucose-stimulated 
insulin secretion from beta cells, resulting in higher blood 
glucose levels [12]. Exogenous ghrelin administration in 
humans has shown similar effects [202]. The mechanism is 
unclear but may involve somatostatin signaling and reduced 
intracellular calcium in beta cells [203]. Ghrelin may also 
contribute to insulin resistance through increased free fatty 
acid release and hepatic gluconeogenesis [204].

Though not essential for growth, ghrelin plays a key 
role in maintaining glucose homeostasis and preventing 
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T2DM. Each bariatric procedure is characterized by a dis-
tinct hormonal signature, with Roux-en-Y gastric bypass 
(RYGB) and sleeve gastrectomy (SG) inducing rapid and 
pronounced increases in postprandial gut hormone secre-
tion [232, 250]. Enhanced GLP-1 and PYY responses after 
RYGB and SG act synergistically to promote satiety, reduce 
food intake, and improve glycemic control, with GLP-1 
also contributing to restoration of the impaired incretin 
effect in T2DM [129, 232]. These hormonal adaptations 
occur early after surgery, preceding substantial weight loss, 
although their interpretation is partly confounded by con-
current caloric restriction and later by weight-loss–depen-
dent effects.

Beyond classical incretins, postprandial changes in less-
studied PGDPs such as oxyntomodulin and glicentin have 
emerged as potential markers of surgical outcomes. Post-
prandial glicentin and oxyntomodulin responses have been 
associated with postoperative weight loss after bariatric 
surgery [250, 251], while fasting glicentin levels may pre-
dict postprandial hypoglycemia following RYGB [252]. 
Similarly, post-meal GLP-1 and PYY dynamics have cor-
related with long-term weight loss outcomes after SG [253]. 
These findings suggest that specific endogenous gut peptide 
profiles may help identify individuals at risk of suboptimal 
weight loss or metabolic complications and could serve as 
early biomarkers to guide postoperative monitoring and 
supportive interventions.

Insights from these surgery-induced endocrine adapta-
tions have directly informed the development of modern 
pharmacotherapies for obesity and T2DM. While bariatric 
procedures induce coordinated increases in multiple gut 
peptides, pharmacological strategies aim to reproduce key 
elements of this hormonal milieu without surgery [254].

Early efforts to target glucagon signaling achieved glu-
cose lowering but were limited by adverse effects, includ-
ing hypoglycemia and hepatic toxicity. In contrast, the 
amylin analogue pramlintide has achieved clinical use as 
an adjunct to insulin therapy, exerting beneficial metabolic 
effects through delayed gastric emptying and appetite sup-
pression in addition to indirect glucagon inhibition [186]. 
GLP-1 receptor agonists now represent a cornerstone of 
therapy for both T2DM and obesity, with consistent ben-
efits on glycemic control, body weight, and cardiovascular 
and renal outcomes [129, 255]. The transition from short-
acting exendin-based compounds to long-acting human 
GLP-1 analogues has improved therapeutic durability, 
while newer dual incretin agonists, such as GLP-1/GIP 
receptor agonists, achieve superior metabolic efficacy by 
engaging complementary hormonal pathways [129, 255]. 
Building on the physiology of bariatric surgery and endog-
enous peptides such as oxyntomodulin, emerging dual 
and triple agonists targeting GLP-1, GIP, and glucagon 

[233, 234]. Obestatin binds to the orphan receptor GPR39, 
expressed in various tissues, including the gastrointestinal 
tract, liver, adipose tissue, pituitary gland, and hypothala-
mus [233, 234]. However, its low specificity for GPR39 
makes it unlikely to mediate its effects through this recep-
tor. Instead, obestatin exhibits high affinity for GLP-1R, as 
well as for HIT-T15 and INS-1E beta cell receptors, though 
its precise mechanism of action remains unclear [233, 234].

Initial studies suggested that obestatin suppressed appe-
tite and food intake in mice [235], leading to its classifica-
tion as a ghrelin antagonist. However, subsequent research 
failed to confirm its anorexigenic effects [236, 237], and 
showed no impact on pituitary hormones such as GΗ 
[238], or leptin [235]. Lagaud et al. reported a U-shaped 
relationship between obestatin levels and appetite, with no 
anorexigenic effects observed at either high or low doses, 
potentially explaining conflicting study results [239]. Ani-
mal and ex vivo experiments further suggest a dose-depen-
dent interaction between obestatin and insulin [233, 234].

Obestatin administration appears to have a dose-depen-
dent effect on insulin secretion, inhibiting glucose-stim-
ulated insulin release at low doses while enhancing it at 
higher doses [240]. Additionally, glucose levels influence 
obestatin’s impact on beta cells [233]. Evidence also sug-
gests that obestatin slows gastric emptying, promotes beta 
cell survival, increases pancreatic juice secretion, stimulates 
glucagon release, inhibits somatostatin secretion, and may 
play a role in sleep regulation, memory function, and thirst 
suppression [233, 234].

Limited data are available on obestatin levels in individ-
uals with metabolic syndrome. Reduced fasting obestatin 
[241] and postprandial [242] concentrations have been 
reported in patients with T2DM and insulin resistance while 
a positive correlation between fasting obestatin and insulin 
sensitivity has been observed in healthy adults [243, 244]. 
Fasting obestatin levels are also lower in individuals with 
obesity compared to those with normal body weight [245–
247]. Postprandial obestatin responses were also lower in 
people with obesity than in lean individuals [245]. One study 
reported an increased ghrelin-to-obestatin ratio in individu-
als with obesity [248], whereas another has observed the 
opposite trend [249], leading to inconclusive findings.

The main findings of this review are summarized in 
Fig. 1; Table 1.

Clinical Translation: Bariatric Surgery and 
Emerging Pharmacotherapies

Alterations in endogenous gut peptide secretion have direct 
clinical relevance, particularly in the context of bariatric 
surgery and emerging pharmacotherapies for obesity and 
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endogenous gut peptide levels to responsiveness to exoge-
nous incretin therapies is currently lacking. Pharmacologi-
cal studies of GLP-1 receptor agonists and dual GLP-1/GIP 
agonists indicate that clinical characteristics—including 
baseline body weight, BMI, HbA1c, age, sex, and treatment 
duration—are currently stronger predictors of therapeu-
tic response than endogenous peptide levels [257]. Taken 
together, these findings highlight the need for future studies 
to directly evaluate whether baseline or postprandial gut 

receptors seek to combine appetite suppression, improved 
glycemic control, and increased energy expenditure. Early 
clinical data suggest potential benefits for obesity, T2DM, 
and metabolic-associated steatotic liver disease [255]. 
However, interindividual variability in treatment response 
remains incompletely understood. Importantly, while base-
line glucagon levels may influence glycemic responses 
to certain oral glucose-lowering agents, such as acarbose 
[256], evidence directly linking baseline or postprandial 

Fig. 1  Secretion sites and action of key gut-derived peptides. Abbrevi-
ations: OXM: oxyntomodulin, GLP-1: Glucagon-like peptide-1, GLP-
2: Glucagon-like peptide-2, CCK: cholecystokynin, MPGF: major 
proglucagon fragment, GRPP: glicentin-related pancreatic polypep-
tide, PYY: peptide tyrosin-tyrosin, PP: pancreatic polypeptide, GIP: 

Glucose-dependent insulinotropic polypeptide, PC: prohormone con-
vertase, IP-1: intervening peptide-1, aa: amino acids. Graphical sym-
bols used in the figure: ↑ and dark red indicate stimulatory actions of 
gut peptides, whereas ↓ and black indicate inhibitory actions;? denotes 
insufficient or inconclusive evidence
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peptide profiles can inform individualized treatment strate-
gies for obesity and T2DM, particularly in the context of 
multi-agonist therapies.

Conclusions

The gastrointestinal tract serves as a crucial endocrine 
organ, releasing hormones that regulate glucose metabo-
lism, appetite, energy balance, and gastrointestinal motility. 
In T2DM and obesity, this hormonal network is disrupted, 
leading to altered secretion and impaired action of key 
peptides. Importantly, PGDPs like oxyntomodulin, GLP-2, 
GLP-1, glicentin, MPGF, and GRPP are increasingly rec-
ognized as modulators of gut–pancreas signaling. Oxynto-
modulin and GLP-2 responses appear blunted in metabolic 
disease, while data on glicentin, MPGF, and GRPP remain 
limited but suggest disrupted secretion. Importantly, most 
studies on these peptides have been conducted in Euro-
pean or North American populations, and data from non-
European cohorts are scarce, highlighting a clear need for 
research in ethnically diverse populations to determine 
whether gut peptide dynamics differ across populations. 
GLP-1 levels are often preserved in T2DM, but its insuli-
notropic and glucagon-suppressing effects are diminished. 
In obesity, postprandial GLP-1 responses are inconsistently 
reduced.

GIP secretion is generally intact or slightly increased in 
both conditions, yet its metabolic efficacy is blunted, likely 
due to beta cell or receptor dysfunction. Anorexigenic pep-
tides such as PYY and PP also show altered dynamics. 
Obesity is associated with reduced fasting and postpran-
dial PYY levels, while T2DM shows blunted postprandial 
rises despite variable fasting levels. PP is often elevated in 
T2DM but less well-studied in obesity. Other hormones —
including CCK, secretin, amylin, ghrelin, and obestatin— 
exhibit condition-specific changes. While CCK resistance 
may impair satiety in obesity and T2DM, inconsistent find-
ings regarding its secretion and expression limit definitive 
conclusions. Secretin and amylin have complex roles in 
metabolism, with amylin initially elevated and later defi-
cient in T2DM. Ghrelin and obestatin levels are reduced in 
both diseases, potentially reflecting resistance and impaired 
metabolic control.

These hormone alterations may represent both adaptive 
responses and drivers of metabolic dysfunction. By inte-
grating fasting and postprandial evidence across classical 
and less-studied gut peptides and distinguishing responses 
to mixed meals and oral glucose challenges, this review 
provides a physiological framework for interpreting gut 
hormone dysregulation in obesity and T2DM and for con-
textualizing emerging multi-agonist incretin therapies.

Pe
pt

id
e

T2
D

M
O

be
si

ty
Fa

st
in

g
Po

st
-p

ra
nd

ia
l

Fa
st

in
g

Po
st

-p
ra

nd
ia

l
O

be
st

at
in

↓[
24

1]
↔

[2
42

]
↑[

24
2]

 M
M

T
↓[

24
5–

24
7]

↓[
24

5]
M

M
T

G
hr

el
in

↓[
13

7,
 2

18
, 2

19
]

↓[
13

7]
 b

ut
 im

pa
ire

d 
su

pp
re

ss
io

n 
af

te
r M

M
T

↓[
21

8]
 O

G
TT

↔
[2

19
] M

M
T

↓[
20

9,
 2

10
, 2

12
, 2

17
]

↔
[1

47
]

↓[
21

7,
 2

19
] b

ut
 im

pa
ire

d 
su

pp
re

ss
io

n 
af

te
r M

M
T

↑[
14

7]
 M

M
T

A
bb

re
vi

at
io

ns
: c

ar
bo

 ca
rb

oh
yd

ra
te

s, 
C

C
K

 ch
ol

ec
ys

to
ky

ni
n,

 G
IP

 G
lu

co
se

-d
ep

en
de

nt
 in

su
lin

ot
ro

pi
c p

ol
yp

ep
tid

e,
 G

LP
-1

 G
lu

ca
go

n-
lik

e p
ep

tid
e-

1,
 G

LP
-2

 G
lu

ca
go

n-
lik

e p
ep

tid
e-

2,
 M

M
T 

m
ix

ed
-

m
ea

l t
es

t, 
M

PG
F 

m
aj

or
 p

ro
gl

uc
ag

on
 f

ra
gm

en
t, 

O
G

TT
 o

ra
l g

lu
co

se
 to

le
ra

nc
e 

te
st

, O
H

A 
or

al
 h

yp
og

ly
ce

m
ic

 a
ge

nt
s, 

O
XM

 o
xy

nt
om

od
ul

in
, P

P 
pa

nc
re

at
ic

 p
ol

yp
ep

tid
e,

 P
YY

 p
ep

tid
e 

ty
ro

si
n-

ty
ro

si
n,

 S
U

 su
lfo

ny
lu

re
as

, T
2D

M
 T

yp
e 

2 
di

ab
et

es
 m

el
lit

us
↑,

 ↓
 a

nd
 ↔

 d
en

ot
e 

in
cr

ea
se

d,
 d

ec
re

as
ed

 o
r s

im
ila

r l
ev

el
s o

f t
he

 e
xa

m
in

ed
 p

ep
tid

e 
be

tw
ee

n 
su

bj
ec

ts
 w

ith
 T

2D
 o

r o
be

si
ty

 a
nd

 h
ea

lth
y 

co
nt

ro
ls

Ta
bl

e 
1 

(c
on

tin
ue

d)

 

1 3

Page 15 of 26      8 



Current Obesity Reports            (2026) 15:8 

	● Calanna S, Christensen M, Holst JJ, Laferrere B, Gluud 
LL, Vilsboll T et al. Secretion of glucose-dependent in-
sulinotropic polypeptide in patients with type 2 diabe-
tes: systematic review and meta-analysis. Diabetes Care 
2013; 36: 3346–52.

○ Provides comprehensive evidence that GIP secretion 
is preserved in T2DM, but its insulinotropic effect is 
blunted, reinforcing the concept of “GIP resistance.”

	● Matikainen N, Bogl LH, Hakkarainen A, Lundbom J, 
Lundbom N, Kaprio J et al. GLP-1 responses are heri-
table and blunted in acquired obesity with high liver fat 
and insulin resistance. Diabetes Care 2014; 37: 242–51.

○ Highlights genetic and metabolic influences on GLP-
1 response, linking impaired secretion to obesity-
associated fatty liver and insulin resistance.

	● Wewer Albrechtsen NJ, Hornburg D, Albrechtsen R, 
Svendsen B, Torang S, Jepsen SL et al. Oxyntomodulin 
identified as a marker of type 2 diabetes and gastric by-
pass surgery. EBioMedicine 2016; 7: 112–20.

○ Demonstrates reduced oxyntomodulin in T2DM and 
normalization post-bariatric surgery, suggesting its 
potential as a biomarker of metabolic improvement.

	● Manell H, Staaf J, Manukyan L, Kristinsson H, Cen J, 
Stenlid R et al. Altered plasma levels of glucagon, GLP-
1 and glicentin during OGTT in adolescents with obe-
sity and type 2 diabetes. J Clin Endocrinol Metab 2016; 
101: 1181–9.

○ Early-life evidence that multiple proglucagon-derived 
peptides are dysregulated in obesity and T2DM, un-
derscoring their role in disease development.

	● English PJ, Ashcroft A, Patterson M, Dovey TM, Hal-
ford JC, Harrison J et al. Fasting plasma peptide-YY 
concentrations are elevated but do not rise postprandi-
ally in type 2 diabetes. Diabetologia 2006; 49: 2219–21.

○ Identifies abnormal PYY dynamics in T2DM, with 
impaired postprandial rise despite elevated fasting 
levels, indicating a defect in satiety signaling.

	● le Roux CW, Batterham RL, Aylwin SJ, Patterson M, 
Borg CM, Wynne KJ et al. Attenuated peptide YY re-
lease in obese subjects is associated with reduced sati-
ety. Endocrinology 2006; 147: 3–8.

Future Perspectives

Despite growing evidence of altered gut peptide secretion 
in obesity and T2DM, important knowledge gaps remain. 
Future studies should expand investigation beyond classical 
incretins to include less-studied PGDPs (oxyntomodulin, 
glicentin, MPGF, GRPP, GLP-2) and other gastrointesti-
nal hormones such as CCK, secretin, and obestatin, ideally 
across diverse populations and metabolic phenotypes.

Progress will require more standardized and physiologi-
cally relevant study designs. Harmonization of mixed-meal 
and OGTT protocols, together with methodological consis-
tency in peptide measurement, including validated assays 
and concurrent assessment of multiple gut peptides within 
the same study, will be essential to improve comparability 
and to capture coordinated hormonal responses.

Most existing studies emphasize circulating hormone 
levels rather than functional relevance. Integrating fasting 
and postprandial gut peptide profiles with outcomes related 
to appetite, energy intake, and glucose metabolism is nec-
essary to clarify their physiological and clinical signifi-
cance. Finally, building on insights from bariatric surgery 
and incretin-based therapies, future research should directly 
examine whether endogenous gut peptide patterns can pre-
dict responsiveness to GLP-1–based, dual, or multi-agonist 
treatments, thereby supporting more personalized therapeu-
tic approaches in obesity and T2DM.

Annotated References

	● Knop FK, Aaboe K, Vilsboll T, Volund A, Holst JJ, Kra-
rup T et al. Impaired incretin effect and fasting hyper-
glucagonaemia characterizing type 2 diabetic subjects 
are early signs of dysmetabolism in obesity. Diabetes 
Obes Metab 2012; 14: 500–10.

○ Demonstrates that impaired incretin action and dys-
regulated glucagon secretion are early abnormalities 
in obesity and T2DM, supporting the central role of 
gut peptides in pathogenesis.

	● Watkins JD, Carter S, Atkinson G, Koumanov F, Betts JA, 
Holst JJ et al. Glucagon-like peptide-1 secretion in people 
with versus without type 2 diabetes: a systematic review 
and meta-analysis. Metabolism 2023; 140: 155375.

○ Meta-analysis confirming that GLP-1 secretion is 
not consistently reduced in T2DM, but its functional 
activity is impaired, highlighting the importance of 
receptor responsiveness.

1 3

    8   Page 16 of 26



Current Obesity Reports            (2026) 15:8 

Funding  Open access funding provided by HEAL-Link Greece. The 
authors did not receive support from any organization for the submit-
ted work. The authors have no relevant financial or non-financial in-
terests to disclose.

Data Availability  No datasets were generated or analysed during the 
current study.

Declarations

Ethics Approval  This is a narrative review article. No ethical approval 
is required.

Competing interests  The authors declare no competing interests.

Financial Interest  The authors have no relevant financial or non-finan-
cial interests to disclose.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

1.	 Gribble FM, Reimann F. Function and mechanisms of enteroen-
docrine cells and gut hormones in metabolism. Nat Rev Endo-
crinol. 2019;15:226–37. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​7​4​-​0​1​9​-​0​1​6​
8​-​8.

2.	 Muller TD, Finan B, Bloom SR, D’Alessio D, Drucker DJ, 
Flatt PR, et al. Glucagon-like peptide 1 (GLP-1). Mol Metab. 
2019;30:72–130. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​o​l​m​e​t​.​2​0​1​9​.​0​9​.​0​1​0.

3.	 Baggio LL, Drucker DJ. Biology of incretins: GLP-1 and GIP. 
Gastroenterology. 2007;132:2131–57. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​5​3​​/​j​.​​g​
a​s​t​r​o​.​2​0​0​7​.​0​3​.​0​5​4.

4.	 Lafferty RA, O’Harte FPM, Irwin N, Gault VA, Flatt PR. Proglu-
cagon-derived peptides as therapeutics. Front Endocrinol (Laus-
anne). 2021;12:689678. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​e​​n​d​o​.​2​0​2​1​.​6​8​9​6​
7​8.

5.	 Sandoval DA, D’Alessio DA. Physiology of proglucagon pep-
tides: role of glucagon and GLP-1 in health and disease. Physiol 
Rev. 2015;95:513–48. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​2​​/​p​h​​y​s​r​e​v​.​0​0​0​1​3​.​2​0​1​
4.

6.	 Bethea M, Bozadjieva-Kramer N, Sandoval DA. Preproglucagon 
products and their respective roles regulating insulin secretion. 
Endocrinology. 2021. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​e​n​​d​o​c​r​/​b​q​a​b​1​5​0.

7.	 Ueno H, Yamaguchi H, Mizuta M, Nakazato M. The role of PYY 
in feeding regulation. Regul Pept. 2008;145:12–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​1​6​​/​j​.​​r​e​g​p​e​p​.​2​0​0​7​.​0​9​.​0​1​1.

8.	 Dockray GJ. Cholecystokinin. Curr Opin Endocrinol Diabetes 
Obes. 2012;19:8–12. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​7​​/​M​E​​D​.​0​b​0​1​3​e​3​2​8​3​4​
e​b​7​7​d.

○ Demonstrates diminished PYY secretion in obesity, 
linking gut hormone dysfunction directly with ap-
petite dysregulation.

	● Poykko SM, Kellokoski E, Horkko S, Kauma H, Kes-
aniemi YA, Ukkola O. Low plasma ghrelin is associated 
with insulin resistance, hypertension, and the prevalence 
of type 2 diabetes. Diabetes 2003; 52: 2546–53.

○ One of the earliest studies connecting reduced ghre-
lin levels to insulin resistance and T2DM, establish-
ing ghrelin as a metabolic biomarker.

	● Ribeiro FM, Anderson M, Aguiar S, Gabriela E, Petriz 
B, Franco OL. Systematic review and meta-analysis of 
gut peptides expression during fasting and postprandial 
states in individuals with obesity. Nutr Res 2024; 127: 
27 39.

○ Recent synthesis showing broad alterations in gut 
peptide responses in obesity, highlighting variability 
across study designs and the need for standardized 
methodologies.

	● Beglinger S, Meyer-Gerspach AC, Graf S, Zumsteg U, 
Drewe J, Beglinger C et al. Effect of a test meal on sa-
tiation hormones and their association with insulin re-
sistance in obese adolescents. Obesity (Silver Spring) 
2014; 22: 2047–52.

○ Shows impaired meal-stimulated responses of satiety 
hormones in obese youth, linking gut peptide dy-
namics with early insulin resistance.

	● Papamargaritis D, le Roux CW. Do gut hormones con-
tribute to weight loss and glycaemic outcomes after bar-
iatric surgery? Nutrients 2021; 13: 918.

○ Reviews the evidence that changes in gut hormones, 
particularly GLP-1, PYY, and oxyntomodulin, me-
diate the metabolic and weight benefits of bariatric 
surgery.

Acknowledgements  This is not an industry or otherwise sponsored 
study thus no funder had any role in the study design and collection, 
analysis interpretation of data, as well as writing and submission.

Author Contributions  All authors contributed to this review concep-
tion and design. Material preparation, data collection and analysis 
were performed by Evangelia Tzeravini, Stamatia Simati, Ioanna A. 
Anastasiou, Maria Dalamaga and Alexander Kokkinos. The first draft 
of the manuscript was written by Evangelia Tzeravini and all authors 
commented on previous versions of the manuscript. All authors read 
and approved the final manuscript.

1 3

Page 17 of 26      8 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41574-019-0168-8
https://doi.org/10.1038/s41574-019-0168-8
https://doi.org/10.1016/j.molmet.2019.09.010
https://doi.org/10.1053/j.gastro.2007.03.054
https://doi.org/10.1053/j.gastro.2007.03.054
https://doi.org/10.3389/fendo.2021.689678
https://doi.org/10.3389/fendo.2021.689678
https://doi.org/10.1152/physrev.00013.2014
https://doi.org/10.1152/physrev.00013.2014
https://doi.org/10.1210/endocr/bqab150
https://doi.org/10.1016/j.regpep.2007.09.011
https://doi.org/10.1016/j.regpep.2007.09.011
https://doi.org/10.1097/MED.0b013e32834eb77d
https://doi.org/10.1097/MED.0b013e32834eb77d


Current Obesity Reports            (2026) 15:8 

isoglycaemic i.v. glucose infusion contributes to the reduced 
incretin effect in type 2 diabetes mellitus. Diabetologia. 
2007;50:797–805. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​2​5​-​0​0​6​-​0​5​6​6​-​z.

26.	 Brunner M, Moser O, Raml R, Haberlander M, Boulgaropoulos 
B, Obermayer-Pietsch B, et al. Assessment of two different gluca-
gon assays in healthy individuals and type 1 and type 2 diabetes 
patients. Biomolecules. 2022. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​b​i​​o​m​1​2​0​3​0​
4​6​6.

27.	 Bagger JI, Knop FK, Lund A, Holst JJ, Vilsboll T. Glucagon 
responses to increasing oral loads of glucose and corresponding 
isoglycaemic intravenous glucose infusions in patients with type 
2 diabetes and healthy individuals. Diabetologia. 2014;57:1720–
5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​2​5​-​0​1​4​-​3​2​6​4​-​2.

28.	 Ichikawa R, Takano K, Fujimoto K, Motomiya T, Kobayashi M, 
Kitamura T, et al. Basal glucagon hypersecretion and response to 
oral glucose load in prediabetes and mild type 2 diabetes. Endocr 
J. 2019;66:663–75. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​0​7​​/​e​n​​d​o​c​r​j​.​E​J​1​8​-​0​3​7​2.

29.	 Wahid M, Naveed AK, Hussain I. Insulin and glucagon ratio in 
the patho-physiology of diabetic ketoacidosis and hyperosmolar 
hyperglycemic non-ketotic diabetes. J Coll Physicians Surg Pak. 
2006; 16: 11 − 4. ​h​t​t​p​​:​/​/​​w​w​w​.​​n​c​​b​i​.​​n​l​m​.​​n​i​h​​.​g​o​​v​/​p​u​b​m​e​d​/​1​6​4​4​1​9​8​
0.

30.	 Muller WA, Faloona GR, Unger RH. Hyperglucagonemia in dia-
betic ketoacidosis. Its prevalence and significance. Am J Med. 
1973;54:52–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​0​2​-​9​3​4​3​(​7​3​)​9​0​0​8​3​-​1.

31.	 Ohneda A, Watanabe K, Horigome K, Sakai T, Kai Y, Oikawa S. 
Abnormal response of pancreatic glucagon to glycemic changes 
in diabetes mellitus. J Clin Endocrinol Metab. 1978;46:504–10. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​e​m​-​4​6​-​3​-​5​0​4.

32.	 Buchanan KD, McCarroll AM. Abnormalities of glucagon metab-
olism in untreated diabetes mellitus. Lancet. 1972;2:1394–5. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​s​0​​1​4​0​-​6​7​3​6​(​7​2​)​9​2​9​6​4​-​9.

33.	 Faerch K, Vaag A, Holst JJ, Glumer C, Pedersen O, Borch-John-
sen K. Impaired fasting glycaemia vs impaired glucose tolerance: 
similar impairment of pancreatic alpha and beta cell function but 
differential roles of incretin hormones and insulin action. Diabe-
tologia. 2008;51:853–61. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​2​5​-​0​0​8​-​0​9​
5​1​-​x.

34.	 Muscelli E, Mari A, Casolaro A, Camastra S, Seghieri G, 
Gastaldelli A, et al. Separate impact of obesity and glucose toler-
ance on the incretin effect in normal subjects and type 2 diabetic 
patients. Diabetes. 2008;57:1340–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​b​​0​
7​-​1​3​1​5.

35.	 Larsson H, Ahren B. Islet dysfunction in insulin resistance 
involves impaired insulin secretion and increased glucagon secre-
tion in postmenopausal women with impaired glucose tolerance. 
Diabetes Care. 2000;23:650–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​i​​a​c​a​r​e​.​2​
3​.​5​.​6​5​0.

36.	 Zhang J, Schafer SM, Kabisch S, Csanalosi M, Schuppelius 
B, Kemper M, et al. Implication of sugar, protein and incretins 
in excessive glucagon secretion in type 2 diabetes after mixed 
meals. Clin Nutr. 2023;42:467–76. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​l​n​u​.​
2​0​2​3​.​0​2​.​0​1​1.

37.	 Toft-Nielsen MB, Damholt MB, Madsbad S, Hilsted LM, Hughes 
TE, Michelsen BK, et al. Determinants of the impaired secretion 
of glucagon-like peptide-1 in type 2 diabetic patients. J Clin 
Endocrinol Metab. 2001;86:3717–23. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​e​
m​.​8​6​.​8​.​7​7​5​0.

38.	 Woerle HJ, Szoke E, Meyer C, Dostou JM, Wittlin SD, Gos-
manov NR, et al. Mechanisms for abnormal postprandial glucose 
metabolism in type 2 diabetes. Am J Physiol Endocrinol Metab. 
2006;290:E67–77. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​2​​/​a​j​​p​e​n​d​o​.​0​0​5​2​9​.​2​0​0​4.

39.	 Menge BA, Gruber L, Jorgensen SM, Deacon CF, Schmidt WE, 
Veldhuis JD, et al. Loss of inverse relationship between pulsatile 
insulin and glucagon secretion in patients with type 2 diabetes. 
Diabetes. 2011;60:2160–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​b​​1​1​-​0​2​5​1.

9.	 Khandekar N, Berning BA, Sainsbury A, Lin S. The role of pan-
creatic polypeptide in the regulation of energy homeostasis. Mol 
Cell Endocrinol. 2015;418(1):33–41. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​
c​e​.​2​0​1​5​.​0​6​.​0​2​8.

10.	 Lutz TA. Creating the amylin story. Appetite. 2022;172:105965. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​p​p​e​t​.​2​0​2​2​.​1​0​5​9​6​5.

11.	 Kojima M, Kangawa K. Ghrelin: structure and function. Physiol 
Rev. 2005;85:495–522. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​2​​/​p​h​​y​s​r​e​v​.​0​0​0​1​2​.​2​0​
0​4.

12.	 Gray SM, Page LC, Tong J. Ghrelin regulation of glucose metab-
olism. J Neuroendocrinol. 2019;31:e12705. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​
1​1​​/​j​n​​e​.​1​2​7​0​5.

13.	 Boey D, Sainsbury A, Herzog H. The role of peptide YY in regu-
lating glucose homeostasis. Peptides. 2007;28:390–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​e​p​​t​i​d​​e​s​.​2​​0​0​​6​.​0​7​.​0​3​1.

14.	 Knop FK, Aaboe K, Vilsboll T, Volund A, Holst JJ, Krarup T, et 
al. Impaired incretin effect and fasting hyperglucagonaemia char-
acterizing type 2 diabetic subjects are early signs of dysmetabo-
lism in obesity. Diabetes Obes Metab. 2012;14:500–10. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​4​6​​3​-​1​​3​2​6​.​​2​0​​1​1​.​0​1​5​4​9​.​x.

15.	 Vilsboll T, Krarup T, Madsbad S, Holst JJ. Defective amplifica-
tion of the late phase insulin response to glucose by GIP in obese 
type II diabetic patients. Diabetologia. 2002;45:1111–9. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​2​5​-​0​0​2​-​0​8​7​8​-​6.

16.	 Hoffmann C, Schwarz PE, Mantzoros CS, Birkenfeld AL, Wol-
frum C, Solimena M, et al. Circulating levels of gastrointestinal 
hormones in prediabetes reversing to normoglycemia or progress-
ing to diabetes in a year-a cross-sectional and prospective analy-
sis. Diabetes Res Clin Pract. 2023;199:110636. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​1​6​​/​j​.​​d​i​a​​b​r​e​​s​.​2​0​​2​3​​.​1​1​0​6​3​6.

17.	 Wewer Albrechtsen NJ, Hornburg D, Albrechtsen R, Svendsen 
B, Torang S, Jepsen SL, et al. Oxyntomodulin identified as a 
marker of type 2 diabetes and gastric bypass surgery by mass-
spectrometry based profiling of human plasma. EBioMedicine. 
2016;7:112–20. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​b​i​o​m​.​2​0​1​6​.​0​3​.​0​3​4.

18.	 Steinert RE, Feinle-Bisset C, Asarian L, Horowitz M, Beglinger 
C, Geary N. Ghrelin, CCK, GLP-1, and PYY(3–36): secretory 
controls and physiological roles in eating and glycemia in health, 
obesity, and after RYGB. Physiol Rev. 2017;97:411–63. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​2​​/​p​h​​y​s​r​e​v​.​0​0​0​3​1​.​2​0​1​4.

19.	 McLaughlin T, Abbasi F, Lamendola C, Frayo RS, Cummings 
DE. Plasma ghrelin concentrations are decreased in insulin-resis-
tant obese adults relative to equally obese insulin-sensitive con-
trols. J Clin Endocrinol Metab. 2004;89:1630–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​2​1​0​​/​j​c​​.​2​0​0​3​-​0​3​1​5​7​2.

20.	 Muller TD, Finan B, Clemmensen C, DiMarchi RD, Tschop MH. 
The new biology and pharmacology of glucagon. Physiol Rev. 
2017;97:721–66. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​2​​/​p​h​​y​s​r​e​v​.​0​0​0​2​5​.​2​0​1​6.

21.	 Bataille D, Dalle S. The forgotten members of the glucagon fam-
ily. Diabetes Res Clin Pract. 2014;106:1–10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
1​6​​/​j​.​​d​i​a​​b​r​e​​s​.​2​0​​1​4​​.​0​6​.​0​1​0.

22.	 Faerch K, Vistisen D, Pacini G, Torekov SS, Johansen NB, 
Witte DR, et al. Insulin resistance is accompanied by increased 
fasting glucagon and delayed glucagon suppression in indi-
viduals with normal and impaired glucose regulation. Diabetes. 
2016;65:3473–81. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​b​​1​6​-​0​2​4​0.

23.	 Gastaldelli A, Baldi S, Pettiti M, Toschi E, Camastra S, Natali A, 
et al. Influence of obesity and type 2 diabetes on gluconeogen-
esis and glucose output in humans: a quantitative study. Diabetes. 
2000;49:1367–73. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​i​​a​b​e​t​e​s​.​4​9​.​8​.​1​3​6​7.

24.	 Chen X, Maldonado E, DeFronzo RA, Tripathy D. Impaired sup-
pression of glucagon in obese subjects parallels decline in insu-
lin sensitivity and beta-cell function. J Clin Endocrinol Metab. 
2021;106:1398–409. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​c​l​​i​n​e​m​/​d​g​a​b​0​1​9.

25.	 Knop FK, Vilsboll T, Madsbad S, Holst JJ, Krarup T. Inappro-
priate suppression of glucagon during OGTT but not during 

1 3

    8   Page 18 of 26

https://doi.org/10.1007/s00125-006-0566-z
https://doi.org/10.3390/biom12030466
https://doi.org/10.3390/biom12030466
https://doi.org/10.1007/s00125-014-3264-2
https://doi.org/10.1507/endocrj.EJ18-0372
http://www.ncbi.nlm.nih.gov/pubmed/16441980
http://www.ncbi.nlm.nih.gov/pubmed/16441980
https://doi.org/10.1016/0002-9343(73)90083-1
https://doi.org/10.1210/jcem-46-3-504
https://doi.org/10.1210/jcem-46-3-504
https://doi.org/10.1016/s0140-6736(72)92964-9
https://doi.org/10.1016/s0140-6736(72)92964-9
https://doi.org/10.1007/s00125-008-0951-x
https://doi.org/10.1007/s00125-008-0951-x
https://doi.org/10.2337/db07-1315
https://doi.org/10.2337/db07-1315
https://doi.org/10.2337/diacare.23.5.650
https://doi.org/10.2337/diacare.23.5.650
https://doi.org/10.1016/j.clnu.2023.02.011
https://doi.org/10.1016/j.clnu.2023.02.011
https://doi.org/10.1210/jcem.86.8.7750
https://doi.org/10.1210/jcem.86.8.7750
https://doi.org/10.1152/ajpendo.00529.2004
https://doi.org/10.2337/db11-0251
https://doi.org/10.1016/j.mce.2015.06.028
https://doi.org/10.1016/j.mce.2015.06.028
https://doi.org/10.1016/j.appet.2022.105965
https://doi.org/10.1016/j.appet.2022.105965
https://doi.org/10.1152/physrev.00012.2004
https://doi.org/10.1152/physrev.00012.2004
https://doi.org/10.1111/jne.12705
https://doi.org/10.1111/jne.12705
https://doi.org/10.1016/j.peptides.2006.07.031
https://doi.org/10.1016/j.peptides.2006.07.031
https://doi.org/10.1111/j.1463-1326.2011.01549.x
https://doi.org/10.1111/j.1463-1326.2011.01549.x
https://doi.org/10.1007/s00125-002-0878-6
https://doi.org/10.1007/s00125-002-0878-6
https://doi.org/10.1016/j.diabres.2023.110636
https://doi.org/10.1016/j.diabres.2023.110636
https://doi.org/10.1016/j.ebiom.2016.03.034
https://doi.org/10.1152/physrev.00031.2014
https://doi.org/10.1152/physrev.00031.2014
https://doi.org/10.1210/jc.2003-031572
https://doi.org/10.1210/jc.2003-031572
https://doi.org/10.1152/physrev.00025.2016
https://doi.org/10.1016/j.diabres.2014.06.010
https://doi.org/10.1016/j.diabres.2014.06.010
https://doi.org/10.2337/db16-0240
https://doi.org/10.2337/diabetes.49.8.1367
https://doi.org/10.1210/clinem/dgab019


Current Obesity Reports            (2026) 15:8 

55.	 Stern JH, Smith GI, Chen S, Unger RH, Klein S, Scherer PE. 
Obesity dysregulates fasting-induced changes in glucagon secre-
tion. J Endocrinol. 2019;243:149–60. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​3​0​​/​J​O​​
E​-​1​9​-​0​2​0​1.

56.	 Starke AA, Erhardt G, Berger M, Zimmermann H. Elevated pan-
creatic glucagon in obesity. Diabetes. 1984;33:277–80. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​i​​a​b​.​3​3​.​3​.​2​7​7.

57.	 Holst JJ, Albrechtsen NJW, Gabe MBN, Rosenkilde MM. Oxyn-
tomodulin: actions and role in diabetes. Peptides. 2018;100:48–
53. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​e​p​​t​i​d​​e​s​.​2​​0​1​​7​.​0​9​.​0​1​8.

58.	 Pocai A. Action and therapeutic potential of oxyntomodulin. Mol 
Metab. 2014;3:241–51. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​o​l​m​e​t​.​2​0​1​3​.​1​
2​.​0​0​1.

59.	 Shankar SS, Shankar RR, Mixson LA, Miller DL, Pramanik B, 
O’Dowd AK, et al. Native oxyntomodulin has significant gluco-
regulatory effects independent of weight loss in obese humans 
with and without type 2 diabetes. Diabetes. 2018;67:1105–12. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​b​​1​7​-​1​3​3​1.

60.	 Wynne K, Park AJ, Small CJ, Meeran K, Ghatei MA, Frost GS, 
et al. Oxyntomodulin increases energy expenditure in addition to 
decreasing energy intake in overweight and obese humans: a ran-
domised controlled trial. Int J Obes (Lond). 2006;30:1729–36. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​j​​.​i​j​o​.​0​8​0​3​3​4​4.

61.	 Scott R, Minnion J, Tan T, Bloom SR. Oxyntomodulin analogue 
increases energy expenditure via the glucagon receptor. Peptides. 
2018;104:70–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​e​p​​t​i​d​​e​s​.​2​​0​1​​8​.​0​4​.​0​0​8.

62.	 Raffort J, Lareyre F, Massalou D, Fenichel P, Panaia-Ferrari P, 
Chinetti G. Insights on glicentin, a promising peptide of the pro-
glucagon family. Biochem Med (Zagreb). 2017;27:308–24. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​6​1​​3​/​B​​M​.​2​0​1​7​.​0​3​4.

63.	 Ayachi SE, Borie F, Magous R, Sasaki K, le Nguyen D, Bali JP, et 
al. Contraction induced by Glicentin on smooth muscle cells from 
the human colon is abolished by Exendin (9–39). Neurogastroen-
terol Motil. 2005;17:302–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​3​6​​5​-​2​​9​8​2​.​​
2​0​​0​4​.​0​0​6​2​8​.​x.

64.	 Perakakis N, Farr OM, Mantzoros CS. Fasting oxyntomodulin, 
glicentin, and gastric inhibitory polypeptide levels are associ-
ated with activation of reward- and attention-related brain cen-
tres in response to visual food cues in adults with obesity: A 
cross-sectional functional MRI study. Diabetes Obes Metab. 
2021;23:1202–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​d​o​​m​.​1​4​3​1​5.

65.	 Stafeev I, Sklyanik I, Mamontova E, Michurina S, Shestakova 
E, Yah’yaev K, et al. NDRG1 activity in fat depots is associated 
with type 2 diabetes and impaired incretin profile in patients with 
morbid obesity. Front Endocrinol (Lausanne). 2021;12:777589. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​e​​n​d​o​.​2​0​2​1​.​7​7​7​5​8​9.

66.	 Pendharkar SA, Singh RG, Cervantes A, DeSouza SV, Bharmal 
SH, Petrov MS. Gut hormone responses to mixed meal test in 
new-onset prediabetes/diabetes after acute pancreatitis. Horm 
Metab Res. 2019;51:191–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​5​5​​/​a​-​​0​8​0​2​-​9​5​6​9.

67.	 Bharmal SH, Cho J, Stuart CE, Alarcon Ramos GC, Ko J, Petrov 
MS. Oxyntomodulin may distinguish new-onset diabetes after 
acute pancreatitis from type 2 diabetes. Clin Transl Gastroenterol. 
2020;11:e00132. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​4​3​0​​9​/​c​​t​g​.​​0​0​0​​0​0​0​0​​0​0​​0​0​0​0​1​3​
2.

68.	 Kokkinos A, Tsilingiris D, Simati S, Stefanakis K, Angelidi AM, 
Tentolouris N, et al. Bariatric surgery, through beneficial effects 
on underlying mechanisms, improves cardiorenal and liver meta-
bolic risk over an average of ten years of observation: A longitu-
dinal and a case-control study. Metabolism. 2024;152:155773. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​e​t​​a​b​o​​l​.​2​0​​2​3​​.​1​5​5​7​7​3.

69.	 Manell H, Staaf J, Manukyan L, Kristinsson H, Cen J, Stenlid 
R, et al. Altered plasma levels of glucagon, GLP-1 and glicentin 
during OGTT in adolescents with obesity and type 2 diabetes. J 
Clin Endocrinol Metab. 2016;101:1181–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​
0​​/​j​c​​.​2​0​1​5​-​3​8​8​5.

40.	 Ahren B. Glucagon secretion in relation to insulin sensitivity in 
healthy subjects. Diabetologia. 2006;49:117–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​0​7​​/​s​0​​0​1​2​5​-​0​0​5​-​0​0​5​6​-​8.

41.	 Ferrannini E, Muscelli E, Natali A, Gabriel R, Mitrakou A, 
Flyvbjerg A, et al. Association of fasting glucagon and pro-
insulin concentrations with insulin resistance. Diabetologia. 
2007;50:2342–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​2​5​-​0​0​7​-​0​8​0​6​-​x.

42.	 Wagner R, Hakaste LH, Ahlqvist E, Heni M, Machann J, Schick F, 
et al. Nonsuppressed glucagon after glucose challenge as a poten-
tial predictor for glucose tolerance. Diabetes. 2017;66:1373–9. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​b​​1​6​-​0​3​5​4.

43.	 Ahren B. Beta- and alpha-cell dysfunction in subjects develop-
ing impaired glucose tolerance: outcome of a 12-year prospec-
tive study in postmenopausal Caucasian women. Diabetes. 
2009;58:726–31. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​b​​0​8​-​1​1​5​8.

44.	 Larsson H, Ahren B. Glucose intolerance is predicted by low 
insulin secretion and high glucagon secretion: outcome of a pro-
spective study in postmenopausal Caucasian women. Diabetolo-
gia. 2000;43:194–202. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​2​5​0​0​5​0​0​2​9.

45.	 Orskov C, Jeppesen J, Madsbad S, Holst JJ. Proglucagon prod-
ucts in plasma of noninsulin-dependent diabetics and nondiabetic 
controls in the fasting state and after oral glucose and intravenous 
arginine. J Clin Invest. 1991;87:415–23. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​7​2​​/​J​
C​​I​1​1​5​0​1​2.

46.	 Felig P, Wahren J, Hendler R. Influence of maturity-onset diabe-
tes on splanchnic glucose balance after oral glucose ingestion. 
Diabetes. 1978;27:121–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​i​​a​b​.​2​7​.​2​.​1​2​1.

47.	 Camastra S, Muscelli E, Gastaldelli A, Holst JJ, Astiarraga B, 
Baldi S, et al. Long-term effects of bariatric surgery on meal dis-
posal and beta-cell function in diabetic and nondiabetic patients. 
Diabetes. 2013;62:3709–17. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​b​​1​3​-​0​3​2​1.

48.	 Shah P, Vella A, Basu A, Basu R, Schwenk WF, Rizza RA. Lack 
of suppression of glucagon contributes to postprandial hypergly-
cemia in subjects with type 2 diabetes mellitus. J Clin Endocrinol 
Metab. 2000;85:4053–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​e​m​.​8​5​.​1​1​.​6​9​9​
3.

49.	 Adeva-Andany MM, Funcasta-Calderon R, Fernandez-Fernan-
dez C, Castro-Quintela E, Carneiro-Freire N. Metabolic effects of 
glucagon in humans. J Clin Transl Endocrinol. 2019;15:45–53. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​c​t​e​.​2​0​1​8​.​1​2​.​0​0​5.

50.	 Raju B, Cryer PE. Loss of the decrement in intraislet insulin plau-
sibly explains loss of the glucagon response to hypoglycemia in 
insulin-deficient diabetes: documentation of the intraislet insulin 
hypothesis in humans. Diabetes. 2005;54:757–64. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​2​​3​3​7​​/​d​i​​a​b​e​t​e​s​.​5​4​.​3​.​7​5​7.

51.	 Suppli MP, Bagger JI, Lund A, Demant M, van Hall G, Strandberg 
C, et al. Glucagon resistance at the level of amino acid turnover in 
obese subjects with hepatic steatosis. Diabetes. 2020;69:1090–9. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​b​​1​9​-​0​7​1​5.

52.	 Stefanakis K, Kokkinos A, Simati S, Argyrakopoulou G, Kon-
stantinidou SK, Kouvari M, et al. Circulating levels of all proglu-
cagon-derived peptides are differentially regulated postprandially 
by obesity status and in response to high-fat meals vs. high-car-
bohydrate meals. Clin Nutr. 2023;42:1369–78. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​0​1​6​​/​j​.​​c​l​n​u​.​2​0​2​3​.​0​6​.​0​2​6.

53.	 Lyngdoh JA, Chutia H, Sundaram SP, Lakshmi V, Ruram A, Lyn-
rah KG. Insulin:Glucagon bipolar axis in obesity with a glimpse 
into its association with insulin resistance in different glucose tol-
erance states. Cureus. 2024;16:e58942. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​7​​7​5​9​​/​c​
u​​r​e​u​s​.​5​8​9​4​2.

54.	 Perakakis N, Kokkinos A, Angelidi AM, Tsilingiris D, Gavrieli 
A, Yannakoulia M, et al. Circulating levels of five proglucagon-
derived peptides in response to intravenous or oral glucose or 
lipids and to a mixed-meal in subjects with normal weight, over-
weight, and obesity. Clin Nutr. 2022;41:1969–76. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​0​1​6​​/​j​.​​c​l​n​u​.​2​0​2​2​.​0​7​.​0​0​1.

1 3

Page 19 of 26      8 

https://doi.org/10.1530/JOE-19-0201
https://doi.org/10.1530/JOE-19-0201
https://doi.org/10.2337/diab.33.3.277
https://doi.org/10.2337/diab.33.3.277
https://doi.org/10.1016/j.peptides.2017.09.018
https://doi.org/10.1016/j.molmet.2013.12.001
https://doi.org/10.1016/j.molmet.2013.12.001
https://doi.org/10.2337/db17-1331
https://doi.org/10.2337/db17-1331
https://doi.org/10.1038/sj.ijo.0803344
https://doi.org/10.1038/sj.ijo.0803344
https://doi.org/10.1016/j.peptides.2018.04.008
https://doi.org/10.11613/BM.2017.034
https://doi.org/10.11613/BM.2017.034
https://doi.org/10.1111/j.1365-2982.2004.00628.x
https://doi.org/10.1111/j.1365-2982.2004.00628.x
https://doi.org/10.1111/dom.14315
https://doi.org/10.3389/fendo.2021.777589
https://doi.org/10.3389/fendo.2021.777589
https://doi.org/10.1055/a-0802-9569
https://doi.org/10.14309/ctg.0000000000000132
https://doi.org/10.14309/ctg.0000000000000132
https://doi.org/10.1016/j.metabol.2023.155773
https://doi.org/10.1016/j.metabol.2023.155773
https://doi.org/10.1210/jc.2015-3885
https://doi.org/10.1210/jc.2015-3885
https://doi.org/10.1007/s00125-005-0056-8
https://doi.org/10.1007/s00125-005-0056-8
https://doi.org/10.1007/s00125-007-0806-x
https://doi.org/10.2337/db16-0354
https://doi.org/10.2337/db16-0354
https://doi.org/10.2337/db08-1158
https://doi.org/10.1007/s001250050029
https://doi.org/10.1172/JCI115012
https://doi.org/10.1172/JCI115012
https://doi.org/10.2337/diab.27.2.121
https://doi.org/10.2337/db13-0321
https://doi.org/10.1210/jcem.85.11.6993
https://doi.org/10.1210/jcem.85.11.6993
https://doi.org/10.1016/j.jcte.2018.12.005
https://doi.org/10.1016/j.jcte.2018.12.005
https://doi.org/10.2337/diabetes.54.3.757
https://doi.org/10.2337/diabetes.54.3.757
https://doi.org/10.2337/db19-0715
https://doi.org/10.2337/db19-0715
https://doi.org/10.1016/j.clnu.2023.06.026
https://doi.org/10.1016/j.clnu.2023.06.026
https://doi.org/10.7759/cureus.58942
https://doi.org/10.7759/cureus.58942
https://doi.org/10.1016/j.clnu.2022.07.001
https://doi.org/10.1016/j.clnu.2022.07.001


Current Obesity Reports            (2026) 15:8 

85.	 Bagger JI, Grondahl MFG, Lund A, Holst JJ, Vilsboll T, Knop 
FK. Glucagonostatic potency of GLP-1 in patients with type 2 
diabetes, patients with type 1 diabetes, and healthy control sub-
jects. Diabetes. 2021;70:1347–56. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​b​​2​0​-​0​
9​9​8.

86.	 Grespan E, Guolo A, Muscelli E, Ferrannini E, Mari A. Loss of 
the incretin effect in type 2 diabetes: a systematic review and 
meta-analysis. J Clin Endocrinol Metab. 2022;107:2092–100. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​c​l​​i​n​e​m​/​d​g​a​c​2​1​3.

87.	 Carr RD, Larsen MO, Jelic K, Lindgren O, Vikman J, Holst JJ, 
et al. Secretion and dipeptidyl peptidase-4-mediated metabolism 
of incretin hormones after a mixed meal or glucose ingestion 
in obese compared to lean, nondiabetic men. J Clin Endocrinol 
Metab. 2010;95:872–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​.​2​0​0​9​-​2​0​5​4.

88.	 Lugari R, Dei Cas A, Ugolotti D, Barilli AL, Camellini C, Gan-
zerla GC, et al. Glucagon-like peptide 1 (GLP-1) secretion and 
plasma dipeptidyl peptidase IV (DPP-IV) activity in morbidly 
obese patients undergoing biliopancreatic diversion. Horm Metab 
Res. 2004;36:111–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​5​5​​/​s​-​​2​0​0​4​-​8​1​4​2​2​2.

89.	 Verdich C, Toubro S, Buemann B, Lysgard Madsen J, Juul Holst 
J, Astrup A. The role of postprandial releases of insulin and incre-
tin hormones in meal-induced satiety–effect of obesity and weight 
reduction. Int J Obes Relat Metab Disord. 2001;25:1206–14. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​j​​.​i​j​o​.​0​8​0​1​6​5​5.

90.	 Adam TC, Westerterp-Plantenga MS. Glucagon-like peptide-1 
release and satiety after a nutrient challenge in normal-weight and 
obese subjects. Br J Nutr. 2005;93:845–51. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​7​
9​​/​b​j​​n​2​0​0​4​1​3​3​5.

91.	 Ranganath LR, Beety JM, Morgan LM, Wright JW, Howland R, 
Marks V. Attenuated GLP-1 secretion in obesity: cause or conse-
quence? Gut. 1996;38:916–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​3​6​​/​g​u​​t​.​3​8​.​6​.​9​1​
6.

92.	 Carroll JF, Kaiser KA, Franks SF, Deere C, Caffrey JL. Influence 
of BMI and gender on postprandial hormone responses. Obes Sil-
ver Spring. 2007;15:2974–83. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​o​b​​y​.​2​0​0​7​.​3​
5​5.

93.	 Bowen J, Noakes M, Clifton PM. Appetite regulatory hormone 
responses to various dietary proteins differ by body mass index 
status despite similar reductions in ad libitum energy intake. J 
Clin Endocrinol Metab. 2006;91:2913–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​
/​j​c​​.​2​0​0​6​-​0​6​0​9.

94.	 Ahmed RH, Huri HZ, Muniandy S, Al-Hamodi Z, Al-Absi B, 
Alsalahi A, et al. Altered circulating concentrations of active glu-
cagon-like peptide (GLP-1) and dipeptidyl peptidase 4 (DPP4) in 
obese subjects and their association with insulin resistance. Clin 
Biochem. 2017;50:746–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​l​i​​n​b​i​​o​c​h​e​​m​.​​
2​0​1​7​.​0​3​.​0​0​8.

95.	 Iepsen EW, Lundgren J, Holst JJ, Madsbad S, Torekov SS. Suc-
cessful weight loss maintenance includes long-term increased 
meal responses of GLP-1 and PYY3-36. Eur J Endocrinol. 
2016;174:775–84. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​3​0​​/​E​J​​E​-​1​5​-​1​1​1​6.

96.	 Sumithran P, Prendergast LA, Delbridge E, Purcell K, Shulkes A, 
Kriketos A, et al. Long-term persistence of hormonal adaptations 
to weight loss. N Engl J Med. 2011;365:1597–604. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​5​6​​/​N​E​​J​M​o​a​1​1​0​5​8​1​6.

97.	 Sloth B, Due A, Larsen TM, Holst JJ, Heding A, Astrup A. The 
effect of a high-MUFA, low-glycaemic index diet and a low-fat 
diet on appetite and glucose metabolism during a 6-month weight 
maintenance period. Br J Nutr. 2009;101:1846–58. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​1​7​​/​S​0​​0​0​7​1​1​4​5​0​8​1​3​7​7​1​0.

98.	 Matikainen N, Bogl LH, Hakkarainen A, Lundbom J, Lundbom 
N, Kaprio J, et al. GLP-1 responses are heritable and blunted in 
acquired obesity with high liver fat and insulin resistance. Diabe-
tes Care. 2014;37:242–51. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​c​​1​3​-​1​2​8​3.

99.	 Vilsboll T, Krarup T, Sonne J, Madsbad S, Volund A, Juul AG, et 
al. Incretin secretion in relation to meal size and body weight in 

70.	 Pendharkar SA, Asrani VM, Murphy R, Cutfield R, Windsor 
JA, Petrov MS. The role of gut-brain axis in regulating glucose 
metabolism after acute pancreatitis. Clin Transl Gastroenterol. 
2017;8:e210. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​c​t​​g​.​2​0​1​6​.​6​3.

71.	 Raffort J, Panaia-Ferrari P, Lareyre F, Blois M, Bayer P, Staccini 
P, et al. Decreased serum glicentin concentration in patients with 
severe and morbid obesity. Ann Clin Biochem. 2018;55:198–204. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​7​7​​/​0​0​​0​4​5​6​3​2​1​7​7​0​0​1​7​2.

72.	 Mayo KE, Miller LJ, Bataille D, Dalle S, Goke B, Thorens B, et 
al. International union of pharmacology. XXXV. The glucagon 
receptor family. Pharmacol Rev. 2003;55:167–94. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​1​2​4​​/​p​r​​.​5​5​.​1​.​6.

73.	 Drucker DJ. Mechanisms of action and therapeutic application of 
glucagon-like peptide-1. Cell Metab. 2018;27:740–56. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​m​e​t​.​2​0​1​8​.​0​3​.​0​0​1.

74.	 Badve SV, Bilal A, Lee MMY, Sattar N, Gerstein HC, Ruff CT, et 
al. Effects of GLP-1 receptor agonists on kidney and cardiovas-
cular disease outcomes: a meta-analysis of randomised controlled 
trials. Lancet Diabetes Endocrinol. 2025;13:15–28. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​1​6​​/​S​2​​2​1​3​-​8​5​8​7​(​2​4​)​0​0​2​7​1​-​7.

75.	 Zhang F, Tang X, Cao H, Lu Q, Li N, Liu Y, et al. Impaired secre-
tion of total glucagon-like peptide-1 in people with impaired fast-
ing glucose combined impaired glucose tolerance. Int J Med Sci. 
2012;9:574–81. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​7​​1​5​0​​/​i​j​​m​s​.​4​1​2​8.

76.	 Calanna S, Christensen M, Holst JJ, Laferrere B, Gluud LL, Vils-
boll T, et al. Secretion of glucagon-like peptide-1 in patients with 
type 2 diabetes mellitus: systematic review and meta-analyses of 
clinical studies. Diabetologia. 2013;56:965–72. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​0​7​​/​s​0​​0​1​2​5​-​0​1​3​-​2​8​4​1​-​0.

77.	 Nauck MA, Vardarli I, Deacon CF, Holst JJ, Meier JJ. Secretion 
of glucagon-like peptide-1 (GLP-1) in type 2 diabetes: what is up, 
what is down? Diabetologia. 2011;54:10–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
0​7​​/​s​0​​0​1​2​5​-​0​1​0​-​1​8​9​6​-​4.

78.	 Watkins JD, Carter S, Atkinson G, Koumanov F, Betts JA, Holst 
JJ, et al. Glucagon-like peptide-1 secretion in people with versus 
without type 2 diabetes: a systematic review and meta-analysis of 
cross-sectional studies. Metabolism. 2023;140:155375. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​e​t​​a​b​o​​l​.​2​0​​2​2​​.​1​5​5​3​7​5.

79.	 Klementova M, Thieme L, Haluzik M, Pavlovicova R, Hill M, 
Pelikanova T, et al. A plant-based meal increases gastrointestinal 
hormones and satiety more than an energy- and macronutrient-
matched processed-meat meal in T2D, obese, and healthy men: a 
three-group randomized crossover study. Nutrients. 2019. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​n​u​​1​1​0​1​0​1​5​7.

80.	 Lim GE, Huang GJ, Flora N, LeRoith D, Rhodes CJ, Brubaker 
PL. Insulin regulates glucagon-like peptide-1 secretion from the 
enteroendocrine L cell. Endocrinology. 2009;150:580–91. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​e​n​​.​2​0​0​8​-​0​7​2​6.

81.	 Mannucci E, Tesi F, Bardini G, Ognibene A, Petracca MG, Ciani S 
et al. Effects of metformin on glucagon-like peptide-1 levels in obese 
patients with and without type 2 diabetes. Diabetes Nutr Metab. 
2004; 17: 336 – 42. ​h​t​t​p​​:​/​/​​w​w​w​.​​n​c​​b​i​.​​n​l​m​.​​n​i​h​​.​g​o​​v​/​p​u​b​m​e​d​/​1​5​8​8​7​6​2​7.

82.	 Beysen C, Murphy EJ, Deines K, Chan M, Tsang E, Glass A, et 
al. Effect of bile acid sequestrants on glucose metabolism, hepatic 
de Novo lipogenesis, and cholesterol and bile acid kinetics in 
type 2 diabetes: a randomised controlled study. Diabetologia. 
2012;55:432–42. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​2​5​-​0​1​1​-​2​3​8​2​-​3.

83.	 Faerch K, Torekov SS, Vistisen D, Johansen NB, Witte DR, Jons-
son A, et al. GLP-1 response to oral glucose is reduced in predia-
betes, screen-detected type 2 diabetes, and obesity and influenced 
by sex: the ADDITION-PRO study. Diabetes. 2015;64:2513–25. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​b​​1​4​-​1​7​5​1.

84.	 Kjems LL, Holst JJ, Volund A, Madsbad S. The influence of 
GLP-1 on glucose-stimulated insulin secretion: effects on beta-
cell sensitivity in type 2 and nondiabetic subjects. Diabetes. 
2003;52:380–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​i​​a​b​e​t​e​s​.​5​2​.​2​.​3​8​0.

1 3

    8   Page 20 of 26

https://doi.org/10.2337/db20-0998
https://doi.org/10.2337/db20-0998
https://doi.org/10.1210/clinem/dgac213
https://doi.org/10.1210/clinem/dgac213
https://doi.org/10.1210/jc.2009-2054
https://doi.org/10.1055/s-2004-814222
https://doi.org/10.1038/sj.ijo.0801655
https://doi.org/10.1038/sj.ijo.0801655
https://doi.org/10.1079/bjn20041335
https://doi.org/10.1079/bjn20041335
https://doi.org/10.1136/gut.38.6.916
https://doi.org/10.1136/gut.38.6.916
https://doi.org/10.1038/oby.2007.355
https://doi.org/10.1038/oby.2007.355
https://doi.org/10.1210/jc.2006-0609
https://doi.org/10.1210/jc.2006-0609
https://doi.org/10.1016/j.clinbiochem.2017.03.008
https://doi.org/10.1016/j.clinbiochem.2017.03.008
https://doi.org/10.1530/EJE-15-1116
https://doi.org/10.1056/NEJMoa1105816
https://doi.org/10.1056/NEJMoa1105816
https://doi.org/10.1017/S0007114508137710
https://doi.org/10.1017/S0007114508137710
https://doi.org/10.2337/dc13-1283
https://doi.org/10.1038/ctg.2016.63
https://doi.org/10.1177/0004563217700172
https://doi.org/10.1177/0004563217700172
https://doi.org/10.1124/pr.55.1.6
https://doi.org/10.1124/pr.55.1.6
https://doi.org/10.1016/j.cmet.2018.03.001
https://doi.org/10.1016/j.cmet.2018.03.001
https://doi.org/10.1016/S2213-8587(24)00271-7
https://doi.org/10.1016/S2213-8587(24)00271-7
https://doi.org/10.7150/ijms.4128
https://doi.org/10.1007/s00125-013-2841-0
https://doi.org/10.1007/s00125-013-2841-0
https://doi.org/10.1007/s00125-010-1896-4
https://doi.org/10.1007/s00125-010-1896-4
https://doi.org/10.1016/j.metabol.2022.155375
https://doi.org/10.1016/j.metabol.2022.155375
https://doi.org/10.3390/nu11010157
https://doi.org/10.3390/nu11010157
https://doi.org/10.1210/en.2008-0726
https://doi.org/10.1210/en.2008-0726
http://www.ncbi.nlm.nih.gov/pubmed/15887627
https://doi.org/10.1007/s00125-011-2382-3
https://doi.org/10.2337/db14-1751
https://doi.org/10.2337/db14-1751
https://doi.org/10.2337/diabetes.52.2.380


Current Obesity Reports            (2026) 15:8 

113.	Jones IR, Owens DR, Luzio S, Williams S, Hayes TM. The glucose 
dependent insulinotropic polypeptide response to oral glucose 
and mixed meals is increased in patients with type 2 (non-insulin-
dependent) diabetes mellitus. Diabetologia. 1989;32:668–77. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​2​7​4​2​5​5.

114.	Vollmer K, Holst JJ, Baller B, Ellrichmann M, Nauck MA, 
Schmidt WE, et al. Predictors of incretin concentrations in sub-
jects with normal, impaired, and diabetic glucose tolerance. Dia-
betes. 2008;57:678–87. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​b​​0​7​-​1​1​2​4.

115.	Calanna S, Christensen M, Holst JJ, Laferrere B, Gluud LL, Vils-
boll T, et al. Secretion of glucose-dependent insulinotropic poly-
peptide in patients with type 2 diabetes: systematic review and 
meta-analysis of clinical studies. Diabetes Care. 2013;36:3346–
52. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​c​​1​3​-​0​4​6​5.

116.	Mentis N, Vardarli I, Kothe LD, Holst JJ, Deacon CF, Theodora-
kis M, et al. GIP does not potentiate the antidiabetic effects of 
GLP-1 in hyperglycemic patients with type 2 diabetes. Diabetes. 
2011;60:1270–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​b​​1​0​-​1​3​3​2.

117.	Meier JJ, Gallwitz B, Kask B, Deacon CF, Holst JJ, Schmidt WE, 
et al. Stimulation of insulin secretion by intravenous bolus injec-
tion and continuous infusion of gastric inhibitory polypeptide in 
patients with type 2 diabetes and healthy control subjects. Diabe-
tes. 2004;53(Suppl 3):S220–4. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​i​​a​b​e​​t​e​s​​.​5​
3​.​​s​u​​p​p​l​_​3​.​s​2​2​0.

118.	Knop FK, Vilsboll T, Hojberg PV, Larsen S, Madsbad S, Volund 
A, et al. Reduced incretin effect in type 2 diabetes: cause or con-
sequence of the diabetic state? Diabetes. 2007;56:1951–9. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​b​​0​7​-​0​1​0​0.

119.	Christensen MB, Gasbjerg LS, Heimburger SM, Stensen S, Vils-
boll T, Knop FK. GIP’s involvement in the pathophysiology of 
type 2 diabetes. Peptides. 2020;125:170178. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​1​6​​/​j​.​​p​e​p​​t​i​d​​e​s​.​2​​0​1​​9​.​1​7​0​1​7​8.

120.	Nauck MA, Meier JJ. Incretin hormones: their role in health and 
disease. Diabetes Obes Metab. 2018;20(Suppl 1):5–21. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​d​o​​m​.​1​3​1​2​9.

121.	Hojberg PV, Vilsboll T, Rabol R, Knop FK, Bache M, Krarup T, et 
al. Four weeks of near-normalisation of blood glucose improves 
the insulin response to glucagon-like peptide-1 and glucose-
dependent insulinotropic polypeptide in patients with type 2 dia-
betes. Diabetologia. 2009;52:199–207. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​
0​1​2​5​-​0​0​8​-​1​1​9​5​-​5.

122.	Aaboe K, Akram S, Deacon CF, Holst JJ, Madsbad S, Krarup 
T. Restoration of the insulinotropic effect of glucose-dependent 
insulinotropic polypeptide contributes to the antidiabetic effect 
of dipeptidyl peptidase-4 inhibitors. Diabetes Obes Metab. 
2015;17:74–81. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​d​o​​m​.​1​2​3​9​5.

123.	Creutzfeldt W, Ebert R, Willms B, Frerichs H, Brown JC. Gas-
tric inhibitory polypeptide (GIP) and insulin in obesity: increased 
response to stimulation and defective feedback control of serum 
levels. Diabetologia. 1978;14:15–24. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​
0​0​4​2​9​7​0​3.

124.	Ebert R, Creutzfeldt W. Gastric inhibitory polypeptide (GIP) 
hypersecretion in obesity depends on meal size and is not related 
to hyperinsulinemia. Acta Diabetol Lat. 1989;26:1–15. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​2​5​8​1​1​9​1.

125.	Raben A, Andersen HB, Christensen NJ, Madsen J, Holst JJ, 
Astrup A. Evidence for an abnormal postprandial response to a 
high-fat meal in women predisposed to obesity. Am J Physiol. 
1994;267:E549–59. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​2​​/​a​j​​p​e​n​​d​o​.​​1​9​9​4​​.​2​​6​7​.​4​.​
E​5​4​9.

126.	Smith K, Taylor GS, Allerton DM, Brunsgaard LH, Bowden 
Davies KA, Stevenson EJ, et al. The postprandial glycaemic and 
hormonal responses following the ingestion of a novel, ready-
to-drink shot containing a low dose of whey protein in centrally 
obese and lean adult males: a randomised controlled trial. Front 

healthy subjects and people with type 1 and type 2 diabetes mel-
litus. J Clin Endocrinol Metab. 2003;88:2706–13. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​2​1​0​​/​j​c​​.​2​0​0​2​-​0​2​1​8​7​3.

100.	Drucker DJ, Yusta B. Physiology and pharmacology of the entero-
endocrine hormone glucagon-like peptide-2. Annu Rev Physiol. 
2014;76:561–83. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​6​​/​a​n​​n​u​r​​e​v​-​​p​h​y​s​​i​o​​l​-​0​2​1​1​1​
3​-​1​7​0​3​1​7.

101.	Bahrami J, Longuet C, Baggio LL, Li K, Drucker DJ. Glucagon-
like peptide-2 receptor modulates islet adaptation to metabolic 
stress in the ob/ob mouse. Gastroenterology. 2010;139:857–68. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​5​3​​/​j​.​​g​a​s​t​r​o​.​2​0​1​0​.​0​5​.​0​0​6.

102.	Meier JJ, Nauck MA, Pott A, Heinze K, Goetze O, Bulut K, et al. 
Glucagon-like peptide 2 stimulates glucagon secretion, enhances 
lipid absorption, and inhibits gastric acid secretion in humans. 
Gastroenterology. 2006;130:44–54. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​5​3​​/​j​.​​g​a​s​
t​r​o​.​2​0​0​5​.​1​0​.​0​0​4.

103.	Cazzo E, Pareja JC, Chaim EA, Coy CSR, Magro DO. Compari-
son of the levels of C-reactive protein, Glp-1 and Glp-2 among 
individuals with diabetes, morbid obesity and healthy controls: an 
exploratory study. Arq Gastroenterol. 2018;55:72–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​5​9​0​​/​S​0​​0​0​4​​-​2​8​​0​3​.​2​​0​1​​8​0​0​0​0​0​-​1​4.

104.	Geloneze B, Lima MM, Pareja JC, Barreto MR, Magro DO. 
Association of insulin resistance and GLP-2 secretion in obesity: 
a pilot study. Arq Bras Endocrinol Metabol. 2013;57:632–5. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​9​0​​/​s​0​​0​0​4​​-​2​7​​3​0​2​0​​1​3​​0​0​0​8​0​0​0​0​8.

105.	Higgins V, Asgari S, Hamilton JK, Wolska A, Remaley AT, Hart-
mann B, et al. Postprandial dyslipidemia, hyperinsulinemia, and 
impaired gut peptides/bile acids in adolescents with obesity. J 
Clin Endocrinol Metab. 2020;105:1228–41. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
2​1​0​​/​c​l​​i​n​e​m​/​d​g​z​2​6​1.

106.	Chen RM, Yuan X, Ouyang Q, Lin XQ, Ai ZZ, Zhang Y, et al. 
Adropin and glucagon-like peptide-2 are associated with glucose 
metabolism in obese children. World J Pediatr. 2019;15:565–71. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​2​5​1​9​-​0​1​9​-​0​0​2​9​6​-​6.

107.	Prahm AP, Hvistendahl MK, Brandt CF, Blanche P, Hartmann B, 
Holst JJ, et al. Post-prandial secretion of glucagon-like peptide-2 
(GLP-2) after carbohydrate-, fat- or protein enriched meals in 
healthy subjects. Peptides. 2023;169:171091. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​0​1​6​​/​j​.​​p​e​p​​t​i​d​​e​s​.​2​​0​2​​3​.​1​7​1​0​9​1.

108.	Stefanakis K, Kokkinos A, Argyrakopoulou G, Konstantinidou 
SK, Simati S, Kouvari M, et al. Circulating levels of proglucagon-
derived peptides are differentially regulated by the glucagon-like 
peptide-1 agonist liraglutide and the centrally acting naltrexone/
bupropion and can predict future weight loss and metabolic 
improvements: a 6-month long interventional study. Diabetes 
Obes Metab. 2023;25:2561–74. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​d​o​​m​.​1​5​1​
4​1.

109.	Polyzos SA, Perakakis N, Boutari C, Kountouras J, Ghaly W, 
Anastasilakis AD, et al. Targeted analysis of three hormonal sys-
tems identifies molecules associated with the presence and sever-
ity of NAFLD. J Clin Endocrinol Metab. 2020;105:e390–400. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​c​l​​i​n​e​m​/​d​g​z​1​7​2.

110.	Deacon CF, Nauck MA, Meier J, Hucking K, Holst JJ. Degra-
dation of endogenous and exogenous gastric inhibitory polypep-
tide in healthy and in type 2 diabetic subjects as revealed using 
a new assay for the intact peptide. J Clin Endocrinol Metab. 
2000;85:3575–81. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​e​m​.​8​5​.​1​0​.​6​8​5​5.

111.	Meier JJ, Goetze O, Anstipp J, Hagemann D, Holst JJ, Schmidt 
WE, et al. Gastric inhibitory polypeptide does not inhibit gas-
tric emptying in humans. Am J Physiol Endocrinol Metab. 
2004;286:E621–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​2​​/​a​j​​p​e​n​d​o​.​0​0​4​9​9​.​2​0​0​3.

112.	Finan B, Muller TD, Clemmensen C, Perez-Tilve D, DiMarchi 
RD, Tschop MH. Reappraisal of GIP pharmacology for metabolic 
diseases. Trends Mol Med. 2016;22:359–76. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
1​6​​/​j​.​​m​o​l​m​e​d​.​2​0​1​6​.​0​3​.​0​0​5.

1 3

Page 21 of 26      8 

https://doi.org/10.1007/BF00274255
https://doi.org/10.1007/BF00274255
https://doi.org/10.2337/db07-1124
https://doi.org/10.2337/dc13-0465
https://doi.org/10.2337/db10-1332
https://doi.org/10.2337/diabetes.53.suppl_3.s220
https://doi.org/10.2337/diabetes.53.suppl_3.s220
https://doi.org/10.2337/db07-0100
https://doi.org/10.2337/db07-0100
https://doi.org/10.1016/j.peptides.2019.170178
https://doi.org/10.1016/j.peptides.2019.170178
https://doi.org/10.1111/dom.13129
https://doi.org/10.1111/dom.13129
https://doi.org/10.1007/s00125-008-1195-5
https://doi.org/10.1007/s00125-008-1195-5
https://doi.org/10.1111/dom.12395
https://doi.org/10.1007/BF00429703
https://doi.org/10.1007/BF00429703
https://doi.org/10.1007/BF02581191
https://doi.org/10.1007/BF02581191
https://doi.org/10.1152/ajpendo.1994.267.4.E549
https://doi.org/10.1152/ajpendo.1994.267.4.E549
https://doi.org/10.1210/jc.2002-021873
https://doi.org/10.1210/jc.2002-021873
https://doi.org/10.1146/annurev-physiol-021113-170317
https://doi.org/10.1146/annurev-physiol-021113-170317
https://doi.org/10.1053/j.gastro.2010.05.006
https://doi.org/10.1053/j.gastro.2010.05.006
https://doi.org/10.1053/j.gastro.2005.10.004
https://doi.org/10.1053/j.gastro.2005.10.004
https://doi.org/10.1590/S0004-2803.201800000-14
https://doi.org/10.1590/S0004-2803.201800000-14
https://doi.org/10.1590/s0004-27302013000800008
https://doi.org/10.1590/s0004-27302013000800008
https://doi.org/10.1210/clinem/dgz261
https://doi.org/10.1210/clinem/dgz261
https://doi.org/10.1007/s12519-019-00296-6
https://doi.org/10.1007/s12519-019-00296-6
https://doi.org/10.1016/j.peptides.2023.171091
https://doi.org/10.1016/j.peptides.2023.171091
https://doi.org/10.1111/dom.15141
https://doi.org/10.1111/dom.15141
https://doi.org/10.1210/clinem/dgz172
https://doi.org/10.1210/clinem/dgz172
https://doi.org/10.1210/jcem.85.10.6855
https://doi.org/10.1152/ajpendo.00499.2003
https://doi.org/10.1016/j.molmed.2016.03.005
https://doi.org/10.1016/j.molmed.2016.03.005


Current Obesity Reports            (2026) 15:8 

and normal weight women. Obes (Silver Spring). 2010;18:1297–
303. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​o​b​​y​.​2​0​0​9​.​3​6​8.

141.	Batterham RL, Cohen MA, Ellis SM, Le Roux CW, Withers DJ, 
Frost GS, et al. Inhibition of food intake in obese subjects by pep-
tide YY3-36. N Engl J Med. 2003;349:941–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​0​5​6​​/​N​E​​J​M​o​a​0​3​0​2​0​4.

142.	le Roux CW, Batterham RL, Aylwin SJ, Patterson M, Borg CM, 
Wynne KJ, et al. Attenuated peptide YY release in obese subjects 
is associated with reduced satiety. Endocrinology. 2006;147:3–8. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​e​n​​.​2​0​0​5​-​0​9​7​2.

143.	Zwirska-Korczala K, Konturek SJ, Sodowski M, Wylezol M, 
Kuka D, Sowa P, et al. Basal and postprandial plasma levels of 
PYY, ghrelin, cholecystokinin, Gastrin and insulin in women with 
moderate and morbid obesity and metabolic syndrome. J Physiol 
Pharmacol. 2007;58(Suppl 1):13–35. ​h​t​t​p​​:​/​/​​w​w​w​.​​n​c​​b​i​.​​n​l​m​.​​n​i​h​​.​g​o​​
v​/​p​u​b​m​e​d​/​1​7​4​4​3​0​2​5.

144.	Alvarez Bartolome M, Borque M, Martinez-Sarmiento J, Apari-
cio E, Hernandez C, Cabrerizo L, et al. Peptide YY secretion in 
morbidly obese patients before and after vertical banded gastro-
plasty. Obes Surg. 2002;12:324–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​8​1​​/​0​9​​6​0​8​
9​2​0​2​3​2​1​0​8​8​0​8​4.

145.	Brennan IM, Luscombe-Marsh ND, Seimon RV, Otto B, Horow-
itz M, Wishart JM, et al. Effects of fat, protein, and carbohydrate 
and protein load on appetite, plasma cholecystokinin, peptide 
YY, and ghrelin, and energy intake in lean and obese men. Am J 
Physiol Gastrointest Liver Physiol. 2012;303:G129–40. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​2​​/​a​j​​p​g​i​.​0​0​4​7​8​.​2​0​1​1.

146.	Misra M, Tsai PM, Mendes N, Miller KK, Klibanski A. Increased 
carbohydrate induced Ghrelin secretion in obese vs. normal-
weight adolescent girls. Obes (Silver Spring). 2009;17:1689–95. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​o​b​​y​.​2​0​0​9​.​8​6.

147.	Mittelman SD, Klier K, Braun S, Azen C, Geffner ME, Buchanan 
TA. Obese adolescents show impaired meal responses of the 
appetite-regulating hormones Ghrelin and PYY. Obes (Silver 
Spring). 2010;18:918–25. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​o​b​​y​.​2​0​0​9​.​4​9​9.

148.	Pfluger PT, Kampe J, Castaneda TR, Vahl T, D’Alessio DA, 
Kruthaupt T, et al. Effect of human body weight changes on Circu-
lating levels of peptide YY and peptide YY3-36. J Clin Endocrinol 
Metab. 2007;92:583–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​.​2​0​0​6​-​1​4​2​5.

149.	Stock S, Leichner P, Wong AC, Ghatei MA, Kieffer TJ, Bloom 
SR, et al. Ghrelin, peptide YY, glucose-dependent insulinotropic 
polypeptide, and hunger responses to a mixed meal in anorexic, 
obese, and control female adolescents. J Clin Endocrinol Metab. 
2005;90:2161–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​.​2​0​0​4​-​1​2​5​1.

150.	Kim BJ, Carlson OD, Jang HJ, Elahi D, Berry C, Egan JM. Pep-
tide YY is secreted after oral glucose administration in a gender-
specific manner. J Clin Endocrinol Metab. 2005;90:6665–71. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​.​2​0​0​5​-​0​4​0​9.

151.	Zhu W, Tanday N, Flatt PR, Irwin N. Pancreatic polypeptide 
revisited: potential therapeutic effects in obesity-diabetes. Pep-
tides. 2023;160:170923. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​e​p​​t​i​d​​e​s​.​2​​0​2​​2​.​
1​7​0​9​2​3.

152.	Meguro T, Shimosegawa T, Satoh A, Suzuki H, Takasu A, 
Takayama A, et al. Gallbladder emptying and cholecystokinin 
and pancreatic polypeptide responses to a liquid meal in patients 
with diabetes mellitus. J Gastroenterol. 1997;32:628–34. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​2​9​3​4​1​1​2.

153.	Qi L, Wei Q, Ni M, Liu D, Bao J, Lv Y, et al. Pancreatic and gut 
hormone responses to mixed meal test in post-chronic pancreati-
tis diabetes mellitus. Diabetes Metab. 2022;48:101316. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​d​i​a​b​e​t​.​2​0​2​1​.​1​0​1​3​1​6.

154.	Pendharkar SA, Singh RG, Bharmal SH, Drury M, Petrov MS. 
Pancreatic hormone responses to mixed meal test in New-onset 
prediabetes/diabetes after non-necrotizing acute pancreatitis. J 
Clin Gastroenterol. 2020;54:e11–20. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​7​​/​M​C​​
G​.​0​0​0​0​0​0​0​0​0​0​0​0​1​1​4​5.

Endocrinol (Lausanne). 2021;12:696977. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​
/​f​e​​n​d​o​.​2​0​2​1​.​6​9​6​9​7​7.

127.	Sarson DL, Kopelman PG, Besterman HS, Pilkington TR, 
Bloom SR. Disparity between glucose-dependent insulinotropic 
polypeptide and insulin responses in obese man. Diabetologia. 
1983;25:386–91. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​2​8​2​5​1​5.

128.	Heptulla RA, Tamborlane WV, Cavaghan M, Bronson M, Limb 
C, Ma YZ, et al. Augmentation of alimentary insulin secretion 
despite similar gastric inhibitory peptide (GIP) responses in juve-
nile obesity. Pediatr Res. 2000;47:628–33. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​0​
3​​/​0​0​​0​0​6​​4​5​0​​-​2​0​0​​0​0​​5​0​0​0​-​0​0​0​1​2.

129.	Kokkinos A, Tsilingiris D, le Roux CW, Rubino F, Mantzoros 
CS. Will medications that mimic gut hormones or target their 
receptors eventually replace bariatric surgery? Metabolism. 
2019;100:153960. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​e​t​​a​b​o​​l​.​2​0​​1​9​​.​1​5​3​9​6​
0.

130.	Yang CH, Onda DA, Oakhill JS, Scott JW, Galic S, Loh K. Regu-
lation of pancreatic beta-cell function by the NPY system. Endo-
crinology. 2021;162. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​e​n​​d​o​c​r​/​b​q​a​b​0​7​0.

131.	Ukkola OH, Puurunen VP, Piira OP, Niva JT, Lepojarvi ES, 
Tulppo MP, et al. High serum fasting peptide YY (3–36) is asso-
ciated with obesity-associated insulin resistance and type 2 dia-
betes. Regul Pept. 2011;170:38–42. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​r​e​g​
p​e​p​.​2​0​1​1​.​0​5​.​0​0​6.

132.	English PJ, Ashcroft A, Patterson M, Dovey TM, Halford JC, 
Harrison J, et al. Fasting plasma peptide-YY concentrations are 
elevated but do not rise postprandially in type 2 diabetes. Diabe-
tologia. 2006;49:2219–21. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​2​5​-​0​0​6​-​0​
3​4​4​-​y.

133.	Boey D, Heilbronn L, Sainsbury A, Laybutt R, Kriketos A, Her-
zog H, et al. Low serum PYY is linked to insulin resistance in 
first-degree relatives of subjects with type 2 diabetes. Neuropep-
tides. 2006;40:317–24. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​p​e​p​.​2​0​0​6​.​0​8​.​0​0​
2.

134.	Fernandez-Garcia JC, Murri M, Coin-Araguez L, Alcaide J, 
El Bekay R, Tinahones FJ. GLP-1 and peptide YY secretory 
response after fat load is impaired by insulin resistance, impaired 
fasting glucose and type 2 diabetes in morbidly obese subjects. 
Clin Endocrinol (Oxf). 2014;80:671–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​c​e​​
n​.​1​2​2​2​1.

135.	Muilwijk M, Beulens JWJ, Groeneveld L, Rutters F, Blom MT, 
Agamennone V, et al. The entero-endocrine response follow-
ing a mixed-meal tolerance test with a non-nutritive pre-load in 
participants with pre-diabetes and type 2 diabetes: A crossover 
randomized controlled trial proof of concept study. PLoS ONE. 
2023;18:e0290261. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​7​1​​/​j​o​​u​r​n​a​l​.​p​o​n​e​.​0​2​9​0​2​6​
1.

136.	Viardot A, Heilbronn LK, Herzog H, Gregersen S, Campbell LV. 
Abnormal postprandial PYY response in insulin sensitive nondia-
betic subjects with a strong family history of type 2 diabetes. Int 
J Obes (Lond). 2008;32:943–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​i​j​​o​.​2​0​0​8​.​
2​4.

137.	Belinova L, Kahleova H, Malinska H, Topolcan O, Vrzalova 
J, Oliyarnyk O, et al. Differential acute postprandial effects of 
processed meat and isocaloric vegan meals on the Gastrointesti-
nal hormone response in subjects suffering from type 2 diabetes 
and healthy controls: a randomized crossover study. PLoS ONE. 
2014;9:e107561. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​7​1​​/​j​o​​u​r​n​a​l​.​p​o​n​e​.​0​1​0​7​5​6​1.

138.	Bacha F, Arslanian SA. Ghrelin and peptide YY in youth: 
are there race-related differences? J Clin Endocrinol Metab. 
2006;91:3117–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​.​2​0​0​5​-​2​4​4​8.

139.	Cahill F, Shea JL, Randell E, Vasdev S, Sun G. Serum peptide YY 
in response to short-term overfeeding in young men. Am J Clin 
Nutr. 2011;93:741–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​9​4​5​​/​a​j​​c​n​.​1​1​0​.​0​0​3​6​2​4.

140.	Brownley KA, Heymen S, Hinderliter AL, MacIntosh B. Effect of 
glycemic load on peptide-YY levels in a biracial sample of obese 

1 3

    8   Page 22 of 26

https://doi.org/10.1038/oby.2009.368
https://doi.org/10.1056/NEJMoa030204
https://doi.org/10.1056/NEJMoa030204
https://doi.org/10.1210/en.2005-0972
https://doi.org/10.1210/en.2005-0972
http://www.ncbi.nlm.nih.gov/pubmed/17443025
http://www.ncbi.nlm.nih.gov/pubmed/17443025
https://doi.org/10.1381/096089202321088084
https://doi.org/10.1381/096089202321088084
https://doi.org/10.1152/ajpgi.00478.2011
https://doi.org/10.1152/ajpgi.00478.2011
https://doi.org/10.1038/oby.2009.86
https://doi.org/10.1038/oby.2009.86
https://doi.org/10.1038/oby.2009.499
https://doi.org/10.1210/jc.2006-1425
https://doi.org/10.1210/jc.2004-1251
https://doi.org/10.1210/jc.2005-0409
https://doi.org/10.1210/jc.2005-0409
https://doi.org/10.1016/j.peptides.2022.170923
https://doi.org/10.1016/j.peptides.2022.170923
https://doi.org/10.1007/BF02934112
https://doi.org/10.1007/BF02934112
https://doi.org/10.1016/j.diabet.2021.101316
https://doi.org/10.1016/j.diabet.2021.101316
https://doi.org/10.1097/MCG.0000000000001145
https://doi.org/10.1097/MCG.0000000000001145
https://doi.org/10.3389/fendo.2021.696977
https://doi.org/10.3389/fendo.2021.696977
https://doi.org/10.1007/BF00282515
https://doi.org/10.1203/00006450-200005000-00012
https://doi.org/10.1203/00006450-200005000-00012
https://doi.org/10.1016/j.metabol.2019.153960
https://doi.org/10.1016/j.metabol.2019.153960
https://doi.org/10.1210/endocr/bqab070
https://doi.org/10.1016/j.regpep.2011.05.006
https://doi.org/10.1016/j.regpep.2011.05.006
https://doi.org/10.1007/s00125-006-0344-y
https://doi.org/10.1007/s00125-006-0344-y
https://doi.org/10.1016/j.npep.2006.08.002
https://doi.org/10.1016/j.npep.2006.08.002
https://doi.org/10.1111/cen.12221
https://doi.org/10.1111/cen.12221
https://doi.org/10.1371/journal.pone.0290261
https://doi.org/10.1371/journal.pone.0290261
https://doi.org/10.1038/ijo.2008.24
https://doi.org/10.1038/ijo.2008.24
https://doi.org/10.1371/journal.pone.0107561
https://doi.org/10.1210/jc.2005-2448
https://doi.org/10.3945/ajcn.110.003624


Current Obesity Reports            (2026) 15:8 

activation of the melanocortin system. Neuropsychopharmacol-
ogy. 2011;36:459–71. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​n​p​​p​.​2​0​1​0​.​1​7​8.

171.	Lerner RL, Porte D Jr. Studies of secretin-stimulated insulin 
responses in man. J Clin Invest. 1972;51:2205–10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​1​7​2​​/​J​C​​I​1​0​7​0​2​8.

172.	Santeusanio F, Faloona GR, Unger RH. Suppressive effect 
of secretin upon pancreatic alpha cell function. J Clin Invest. 
1972;51:1743–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​7​2​​/​J​C​​I​1​0​6​9​7​5.

173.	Schnabl K, Li Y, Klingenspor M. The gut hormone secretin trig-
gers a gut-brown fat-brain axis in the control of food intake. Exp 
Physiol. 2020;105:1206–13. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​3​​/​E​P​​0​8​7​8​7​8.

174.	Sekar R, Chow BK. Lipolytic actions of secretin in mouse adipo-
cytes. J Lipid Res. 2014;55:190–200. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​9​4​​/​j​l​​r​.​
M​0​3​8​0​4​2.

175.	Halter JB, Porte D Jr. Mechanisms of impaired acute insulin 
release in adult onset diabetes: studies with isoproterenol and 
secretin. J Clin Endocrinol Metab. 1978;46:952–60. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​e​m​-​4​6​-​6​-​9​5​2.

176.	Funakoshi A, Miyazaki K, Shinozaki H, Sako Y, Ibayashi H. 
Changes in insulin secretion after secretin administration and the 
implications in diabetes mellitus. Endocrinol Jpn. 1985;32:473–9. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​0​7​​/​e​n​​d​o​c​r​j​1​9​5​4​.​3​2​.​4​7​3.

177.	Ohara H, Inabe S, Yabu-uchi S, Ohta H, Wada T. Secretin secre-
tion in patients with duodenal ulcer, chronic pancreatitis and dia-
betes mellitus. Gastroenterol Jpn. 1978;13:21–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​0​7​​/​B​F​​0​2​7​7​4​1​5​0.

178.	Lerner RL. Augmented insulin responses to glucose after 
secretin priming in diabetic subjects. J Clin Endocrinol Metab. 
1979;48:462–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​e​m​-​4​8​-​3​-​4​6​2.

179.	Enk B. Secretin-induced insulin response. II. Dose-response rela-
tion. Acta Endocrinol (Copenh). 1976;82:312–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​5​3​0​​/​a​c​​t​a​.​0​.​0​8​2​0​3​1​2.

180.	Gilliam-Vigh H, Jorsal T, Nielsen SW, Forman JL, Pedersen J, 
Poulsen SS, et al. Expression of secretin and its receptor along the 
intestinal tract in type 2 diabetes patients and healthy controls. J 
Clin Endocrinol Metab. 2023;108:e1597–602. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​2​1​0​​/​c​l​​i​n​e​m​/​d​g​a​d​3​7​2.

181.	Trimble ER, Buchanan KD, Hadden DR, Montgomery DA. 
Secretin: high plasma levels in diabetes mellitus. Acta Endocrinol 
(Copenh). 1977;85:799–805. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​3​0​​/​a​c​​t​a​.​0​.​0​8​5​0​
7​9​9.

182.	Andrews WJ, Henry RW, Alberti KG, Buchanan KD. The gastro-
entero-pancreatic hormone response to fasting in obesity. Diabe-
tologia. 1981;21:440–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​2​5​7​7​8​3.

183.	Vezina WC, Paradis RL, Grace DM, Zimmer RA, Lamont DD, 
Rycroft KM, et al. Increased volume and decreased emptying of 
the gallbladder in large (morbidly obese, tall normal, and muscu-
lar normal) people. Gastroenterology. 1990;98:1000–7. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​1​6​-​5​0​8​5​(​9​0​)​9​0​0​2​5​-​v.

184.	Glaser B, Shapiro B, Glowniak J, Fajans SS, Vinik AI. Effects of 
secretin on the normal and pathological beta-cell. J Clin Endocri-
nol Metab. 1988;66:1138–43. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​e​m​-​6​6​-​6​
-​1​1​3​8.

185.	St-Pierre DH, Broglio F. Secretin: should we revisit its metabolic 
outcomes? J Endocrinol Invest. 2010;33:266–75. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​0​0​7​​/​B​F​​0​3​3​4​5​7​9​1.

186.	Erzen S, Tonin G, Jurisic Erzen D, Klen J. Amylin, another 
important neuroendocrine hormone for the treatment of diabesity. 
Int J Mol Sci. 2024;25. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​2​5​0​3​1​5​1​7.

187.	Lutz TA, Meyer U. Amylin at the interface between metabolic 
and neurodegenerative disorders. Front Neurosci. 2015;9:216. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​n​​i​n​s​.​2​0​1​5​.​0​0​2​1​6.

188.	Hartter E, Svoboda T, Ludvik B, Schuller M, Lell B, Kuenburg 
E, et al. Basal and stimulated plasma levels of pancreatic amylin 
indicate its co-secretion with insulin in humans. Diabetologia. 
1991;34:52–4. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​4​0​4​0​2​5.

155.	Hart PA, Kudva YC, Yadav D, Andersen DK, Li Y, Toledo FGS, 
et al. A reduced pancreatic polypeptide response is associated 
with New-onset pancreatogenic diabetes versus type 2 diabetes. J 
Clin Endocrinol Metab. 2023;108:e120–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​
0​​/​c​l​​i​n​e​m​/​d​g​a​c​6​7​0.

156.	Kahleova H, Mari A, Nofrate V, Matoulek M, Kazdova L, Hill 
M, et al. Improvement in β-cell function after diet-induced 
weight loss is associated with decrease in pancreatic polypep-
tide in subjects with type 2 diabetes. J Diabetes Complications. 
2012;26:442–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​d​i​​a​c​o​​m​p​.​2​​0​1​​2​.​0​5​.​0​0​3.

157.	Zipf WB, O’Dorisio TM, Cataland S, Sotos J. Blunted pancreatic 
polypeptide responses in children with obesity of Prader-Willi 
syndrome. J Clin Endocrinol Metab. 1981;52:1264–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​e​m​-​5​2​-​6​-​1​2​6​4.

158.	Reinehr T, Enriori PJ, Harz K, Cowley MA, Roth CL. Pancreatic 
polypeptide in obese children before and after weight loss. Int J 
Obes (Lond). 2006;30:1476–81. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​j​​.​i​j​o​.​0​8​
0​3​3​9​3.

159.	Marco J, Zulueta MA, Correas I, Villanueva ML. Reduced pan-
creatic polypeptide secretion in obese subjects. J Clin Endocrinol 
Metab. 1980;50:744–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​e​m​-​5​0​-​4​-​7​4​4.

160.	Jorde R, Burhol PG. Fasting and postprandial plasma pancreatic 
polypeptide (PP) levels in obesity. Int J Obes. 1984; 8: 393-7. ​h​t​t​
p​​:​/​/​​w​w​w​.​​n​c​​b​i​.​​n​l​m​.​​n​i​h​​.​g​o​​v​/​p​u​b​m​e​d​/​6​3​9​4​5​2​0.

161.	Kanaley JA, Heden TD, Liu Y, Whaley-Connell AT, Chocka-
lingam A, Dellsperger KC, et al. Short-term aerobic exercise 
training increases postprandial pancreatic polypeptide but not 
peptide YY concentrations in obese individuals. Int J Obes 
(Lond). 2014;38:266–71. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​i​j​​o​.​2​0​1​3​.​8​4.

162.	Chandra R, Liddle RA. Cholecystokinin. Curr Opin Endocrinol 
Diabetes Obes. 2007;14:63–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​7​​/​M​E​​D​.​0​b​0​
1​3​e​3​2​8​0​1​2​2​8​5​0.

163.	Ribeiro FM, Anderson M, Aguiar S, Gabriela E, Petriz B, Franco 
OL. Systematic review and meta-analysis of gut peptides expres-
sion during fasting and postprandial states in individuals with 
obesity. Nutr Res. 2024;127:27–39. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​u​
t​r​e​s​.​2​0​2​4​.​0​4​.​0​0​7.

164.	Milewicz A, Mikulski E, Bidzinska B. Plasma insulin, chole-
cystokinin, galanin, neuropeptide Y and leptin levels in obese 
women with and without type 2 diabetes mellitus. Int J Obes. 
2000;24(Suppl 2):S152–3. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​j​​.​i​j​o​.​0​8​0​1​3​1​0.

165.	Rhee NA, Wahlgren CD, Pedersen J, Mortensen B, Langholz E, 
Wandall EP, et al. Effect of Roux-en-Y gastric bypass on the dis-
tribution and hormone expression of small-intestinal enteroendo-
crine cells in obese patients with type 2 diabetes. Diabetologia. 
2015;58:2254–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​2​5​-​0​1​5​-​3​6​9​6​-​3.

166.	Rushakoff RA, Goldfine ID, Beccaria LJ, Mathur A, Brand RJ, 
Liddle RA. Reduced postprandial cholecystokinin (CCK) secre-
tion in patients with noninsulin-dependent diabetes mellitus: 
evidence for a role for CCK in regulating postprandial hypergly-
cemia. J Clin Endocrinol Metab. 1993;76:489–93. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​2​1​0​​/​j​c​​e​m​.​7​6​.​2​.​8​4​3​2​7​9​5.

167.	Nakano I, Funakoshi A, Shinozaki H, Miyazaki K, Ibayashi H, 
Tateishi K, et al. High plasma cholecystokinin response follow-
ing ingestion of test meal by patients with non-insulin dependent 
diabetes mellitus. Regul Pept. 1986;14:229–36. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​1​6​​/​0​1​​6​7​-​0​1​1​5​(​8​6​)​9​0​0​0​5​-​4.

168.	Afroze S, Meng F, Jensen K, McDaniel K, Rahal K, Onori P, et al. 
The physiological roles of secretin and its receptor. Ann Transl Med. 
2013;1:29. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​9​7​8​​/​j​.​​i​s​s​​n​.​2​​3​0​5​-​​5​8​​3​9​.​2​0​1​2​.​1​2​.​0​1.

169.	Laurila S, Rebelos E, Honka MJ, Nuutila P. Pleiotropic effects of 
secretin: a potential drug candidate in the treatment of obesity? 
Front Endocrinol (Lausanne). 2021;12:737686. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​3​​3​8​9​​/​f​e​​n​d​o​.​2​0​2​1​.​7​3​7​6​8​6.

170.	Cheng CY, Chu JY, Chow BK. Central and peripheral admin-
istration of secretin inhibits food intake in mice through the 

1 3

Page 23 of 26      8 

https://doi.org/10.1038/npp.2010.178
https://doi.org/10.1172/JCI107028
https://doi.org/10.1172/JCI107028
https://doi.org/10.1172/JCI106975
https://doi.org/10.1113/EP087878
https://doi.org/10.1194/jlr.M038042
https://doi.org/10.1194/jlr.M038042
https://doi.org/10.1210/jcem-46-6-952
https://doi.org/10.1210/jcem-46-6-952
https://doi.org/10.1507/endocrj1954.32.473
https://doi.org/10.1507/endocrj1954.32.473
https://doi.org/10.1007/BF02774150
https://doi.org/10.1007/BF02774150
https://doi.org/10.1210/jcem-48-3-462
https://doi.org/10.1530/acta.0.0820312
https://doi.org/10.1530/acta.0.0820312
https://doi.org/10.1210/clinem/dgad372
https://doi.org/10.1210/clinem/dgad372
https://doi.org/10.1530/acta.0.0850799
https://doi.org/10.1530/acta.0.0850799
https://doi.org/10.1007/BF00257783
https://doi.org/10.1016/0016-5085(90)90025-v
https://doi.org/10.1016/0016-5085(90)90025-v
https://doi.org/10.1210/jcem-66-6-1138
https://doi.org/10.1210/jcem-66-6-1138
https://doi.org/10.1007/BF03345791
https://doi.org/10.1007/BF03345791
https://doi.org/10.3390/ijms25031517
https://doi.org/10.3389/fnins.2015.00216
https://doi.org/10.3389/fnins.2015.00216
https://doi.org/10.1007/BF00404025
https://doi.org/10.1210/clinem/dgac670
https://doi.org/10.1210/clinem/dgac670
https://doi.org/10.1016/j.jdiacomp.2012.05.003
https://doi.org/10.1210/jcem-52-6-1264
https://doi.org/10.1210/jcem-52-6-1264
https://doi.org/10.1038/sj.ijo.0803393
https://doi.org/10.1038/sj.ijo.0803393
https://doi.org/10.1210/jcem-50-4-744
http://www.ncbi.nlm.nih.gov/pubmed/6394520
http://www.ncbi.nlm.nih.gov/pubmed/6394520
https://doi.org/10.1038/ijo.2013.84
https://doi.org/10.1097/MED.0b013e3280122850
https://doi.org/10.1097/MED.0b013e3280122850
https://doi.org/10.1016/j.nutres.2024.04.007
https://doi.org/10.1016/j.nutres.2024.04.007
https://doi.org/10.1038/sj.ijo.0801310
https://doi.org/10.1007/s00125-015-3696-3
https://doi.org/10.1210/jcem.76.2.8432795
https://doi.org/10.1210/jcem.76.2.8432795
https://doi.org/10.1016/0167-0115(86)90005-4
https://doi.org/10.1016/0167-0115(86)90005-4
https://doi.org/10.3978/j.issn.2305-5839.2012.12.01
https://doi.org/10.3389/fendo.2021.737686
https://doi.org/10.3389/fendo.2021.737686


Current Obesity Reports            (2026) 15:8 

J Clin Endocrinol Metab. 2001;86:5083–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​
0​​/​j​c​​e​m​.​8​6​.​1​0​.​8​0​9​8.

203.	DiGruccio MR, Mawla AM, Donaldson CJ, Noguchi GM, 
Vaughan J, Cowing-Zitron C, et al. Comprehensive alpha, beta 
and delta cell transcriptomes reveal that ghrelin selectively acti-
vates delta cells and promotes somatostatin release from pancre-
atic islets. Mol Metab. 2016;5:449–58. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​
m​o​l​m​e​t​.​2​0​1​6​.​0​4​.​0​0​7.

204.	Delhanty PJ, van der Lely AJ. Ghrelin and glucose homeostasis. 
Peptides. 2011;32:2309–18. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​e​p​​t​i​d​​e​s​.​2​​0​
1​​1​.​0​3​.​0​0​1.

205.	McFarlane MR, Brown MS, Goldstein JL, Zhao TJ. Induced 
ablation of Ghrelin cells in adult mice does not decrease food 
intake, body weight, or response to high-fat diet. Cell Metab. 
2014;20:54–60. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​m​e​t​.​2​0​1​4​.​0​4​.​0​0​7.

206.	Nagaya N, Miyatake K, Uematsu M, Oya H, Shimizu W, Hosoda 
H, et al. Hemodynamic, renal, and hormonal effects of ghrelin 
infusion in patients with chronic heart failure. J Clin Endocrinol 
Metab. 2001;86:5854–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​e​m​.​8​6​.​1​2​.​8​1​1​
5.

207.	Zhang W, Chai B, Li JY, Wang H, Mulholland MW. Effect of des-
acyl Ghrelin on adiposity and glucose metabolism. Endocrinol-
ogy. 2008;149:4710–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​e​n​​.​2​0​0​8​-​0​2​6​3.

208.	Tschop M, Smiley DL, Heiman ML. Ghrelin induces adiposity in 
rodents. Nature. 2000;407:908–13. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​3​5​​0​3​8​
0​9​0.

209.	Shiiya T, Nakazato M, Mizuta M, Date Y, Mondal MS, Tanaka 
M, et al. Plasma ghrelin levels in lean and obese humans and the 
effect of glucose on ghrelin secretion. J Clin Endocrinol Metab. 
2002;87:240–4. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​e​m​.​8​7​.​1​.​8​1​2​9.

210.	Tschop M, Weyer C, Tataranni PA, Devanarayan V, Ravussin E, 
Heiman ML. Circulating ghrelin levels are decreased in human 
obesity. Diabetes. 2001;50:707–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​i​​a​b​e​t​
e​s​.​5​0​.​4​.​7​0​7.

211.	Hansen TK, Dall R, Hosoda H, Kojima M, Kangawa K, Chris-
tiansen JS, et al. Weight loss increases circulating levels of ghre-
lin in human obesity. Clin Endocrinol (Oxf). 2002;56:203–6. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​4​6​​/​j​.​​0​3​0​​0​-​0​​6​6​4​.​​2​0​​0​1​.​0​1​4​5​6​.​x.

212.	Haqq AM, Farooqi IS, O’Rahilly S, Stadler DD, Rosenfeld RG, 
Pratt KL, et al. Serum Ghrelin levels are inversely correlated with 
body mass index, age, and insulin concentrations in normal chil-
dren and are markedly increased in Prader-Willi syndrome. J Clin 
Endocrinol Metab. 2003;88:174–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​.​2​0​
0​2​-​0​2​1​0​5​2.

213.	Monteleone P, Serritella C, Martiadis V, Scognamiglio P, Maj 
M. Plasma obestatin, ghrelin, and ghrelin/obestatin ratio are 
increased in underweight patients with anorexia nervosa but not 
in symptomatic patients with bulimia nervosa. J Clin Endocrinol 
Metab. 2008;93:4418–21. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​.​2​0​0​8​-​1​1​3​8.

214.	Nedvidkova J, Krykorkova I, Bartak V, Papezova H, Gold PW, 
Alesci S, et al. Loss of meal-induced decrease in plasma Ghrelin 
levels in patients with anorexia nervosa. J Clin Endocrinol Metab. 
2003;88:1678–82. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​.​2​0​0​2​-​0​2​1​6​6​9.

215.	Briggs DI, Enriori PJ, Lemus MB, Cowley MA, Andrews ZB. 
Diet-induced obesity causes ghrelin resistance in arcuate NPY/
AgRP neurons. Endocrinology. 2010;151:4745–55. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​2​1​0​​/​e​n​​.​2​0​1​0​-​0​5​5​6.

216.	Goebel-Stengel M, Hofmann T, Elbelt U, Teuffel P, Ahnis A, 
Kobelt P, et al. The ghrelin activating enzyme ghrelin-O-acyl-
transferase (GOAT) is present in human plasma and expressed 
dependent on body mass index. Peptides. 2013;43:13–9. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​e​p​​t​i​d​​e​s​.​2​​0​1​​3​.​0​2​.​0​1​1.

217.	le Roux CW, Patterson M, Vincent RP, Hunt C, Ghatei MA, 
Bloom SR. Postprandial plasma ghrelin is suppressed propor-
tional to meal calorie content in normal-weight but not obese 

189.	Hanabusa T, Kubo K, Oki C, Nakano Y, Okai K, Sanke T, et al. 
Islet amyloid polypeptide (IAPP) secretion from islet cells and 
its plasma concentration in patients with non-insulin-dependent 
diabetes mellitus. Diabetes Res Clin Pract. 1992;15:89–96. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​1​​6​8​-​8​2​2​7​(​9​2​)​9​0​0​7​3​-​z.

190.	Zapecka-Dubno B, Czyzyk A, Dworak A, Bak MI. Effect of oral 
antidiabetic agents on plasma amylin level in patients with non-
insulin-dependent diabetes mellitus (type 2). Arzneimittelforsc-
hung. 1999;49:330–4. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​5​5​​/​s​-​​0​0​3​1​-​1​3​0​0​4​2​3.

191.	Kahleova H, Tintera J, Thieme L, Veleba J, Klementova M, Kud-
lackova M, et al. A plant-based meal affects thalamus perfusion 
differently than an energy- and macronutrient-matched conven-
tional meal in men with type 2 diabetes, overweight/obese, and 
healthy men: a three-group randomized crossover study. Clin 
Nutr. 2021;40:1822–33. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​l​n​u​.​2​0​2​0​.​1​0​.​0​
0​5.

192.	Ahren B, Gutniak M. No correlation between insulin and islet 
amyloid polypeptide after stimulation with glucagon-like pep-
tide-1 in type 2 diabetes. Eur J Endocrinol. 1997;137:643–9. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​3​0​​/​e​j​​e​.​0​.​1​3​7​0​6​4​3.

193.	Guardado-Mendoza R, Chavez AO, Jimenez-Ceja LM, Hansis-
Diarte A, DeFronzo RA, Folli F, et al. Islet amyloid polypeptide 
response to maximal hyperglycemia and arginine is altered in 
impaired glucose tolerance and type 2 diabetes mellitus. Acta 
Diabetol. 2017;54:53–61. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​5​9​2​-​0​1​6​-​0​
9​0​4​-​7.

194.	Enoki S, Mitsukawa T, Takemura J, Nakazato M, Aburaya J, 
Toshimori H, et al. Plasma islet amyloid polypeptide levels in 
obesity, impaired glucose tolerance and non-insulin-dependent 
diabetes mellitus. Diabetes Res Clin Pract. 1992;15:97–102. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​1​​6​8​-​8​2​2​7​(​9​2​)​9​0​0​7​4​-​2.

195.	Ludvik B, Lell B, Hartter E, Schnack C, Prager R. Decrease of 
stimulated amylin release precedes impairment of insulin secre-
tion in type II diabetes. Diabetes. 1991;40:1615–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​2​​3​3​7​​/​d​i​​a​b​.​4​0​.​1​2​.​1​6​1​5.

196.	Beglinger S, Meyer-Gerspach AC, Graf S, Zumsteg U, Drewe J, 
Beglinger C, et al. Effect of a test meal on meal responses of satia-
tion hormones and their association to insulin resistance in obese 
adolescents. Obesity. 2014;22:2047–52. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​o​
b​​y​.​2​0​8​0​5.

197.	Roth CL, Bongiovanni KD, Gohlke B, Woelfle J. Changes in 
dynamic insulin and gastrointestinal hormone secretion in obese 
children. J Pediatr Endocrinol Metab. 2010;23:1299–309. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​1​5​​/​j​p​​e​m​.​2​0​1​0​.​2​0​4.

198.	Bonfante ILP, Duft RG, Mateus K, Trombeta J, Chacon-Mika-
hil MPT, Velloso LA, et al. Combined training and hormones/
enzymes with insulinotropic actions in individuals with over-
weight and type 2 diabetes mellitus: A randomized controlled 
trial. Eur J Sport Sci. 2024;24:97–106. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​e​j​​
s​c​.​1​2​0​5​7.

199.	Roberts CK, Izadpanah A, Angadi SS, Barnard RJ. Effects of an 
intensive short-term diet and exercise intervention: comparison 
between normal-weight and obese children. Am J Physiol Regul 
Integr Comp Physiol. 2013;305:R552–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​2​​/​
a​j​​p​r​e​g​u​.​0​0​1​3​1​.​2​0​1​3.

200.	Hartman ML, Veldhuis JD, Thorner MO. Normal control of 
growth hormone secretion. Horm Res. 1993;40:37–47. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​9​​/​0​0​​0​1​8​3​7​6​6.

201.	Davis TR, Pierce MR, Novak SX, Hougland JL. Ghrelin 
octanoylation by ghrelin O-acyltransferase: protein acylation 
impacting metabolic and neuroendocrine signalling. Open Biol. 
2021;11:210080. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​8​​/​r​s​​o​b​.​2​1​0​0​8​0.

202.	Broglio F, Arvat E, Benso A, Gottero C, Muccioli G, Papotti M, et 
al. Ghrelin, a natural GH secretagogue produced by the stomach, 
induces hyperglycemia and reduces insulin secretion in humans. 

1 3

    8   Page 24 of 26

https://doi.org/10.1210/jcem.86.10.8098
https://doi.org/10.1210/jcem.86.10.8098
https://doi.org/10.1016/j.molmet.2016.04.007
https://doi.org/10.1016/j.molmet.2016.04.007
https://doi.org/10.1016/j.peptides.2011.03.001
https://doi.org/10.1016/j.peptides.2011.03.001
https://doi.org/10.1016/j.cmet.2014.04.007
https://doi.org/10.1210/jcem.86.12.8115
https://doi.org/10.1210/jcem.86.12.8115
https://doi.org/10.1210/en.2008-0263
https://doi.org/10.1038/35038090
https://doi.org/10.1038/35038090
https://doi.org/10.1210/jcem.87.1.8129
https://doi.org/10.2337/diabetes.50.4.707
https://doi.org/10.2337/diabetes.50.4.707
https://doi.org/10.1046/j.0300-0664.2001.01456.x
https://doi.org/10.1046/j.0300-0664.2001.01456.x
https://doi.org/10.1210/jc.2002-021052
https://doi.org/10.1210/jc.2002-021052
https://doi.org/10.1210/jc.2008-1138
https://doi.org/10.1210/jc.2002-021669
https://doi.org/10.1210/en.2010-0556
https://doi.org/10.1210/en.2010-0556
https://doi.org/10.1016/j.peptides.2013.02.011
https://doi.org/10.1016/j.peptides.2013.02.011
https://doi.org/10.1016/0168-8227(92)90073-z
https://doi.org/10.1016/0168-8227(92)90073-z
https://doi.org/10.1055/s-0031-1300423
https://doi.org/10.1016/j.clnu.2020.10.005
https://doi.org/10.1016/j.clnu.2020.10.005
https://doi.org/10.1530/eje.0.1370643
https://doi.org/10.1530/eje.0.1370643
https://doi.org/10.1007/s00592-016-0904-7
https://doi.org/10.1007/s00592-016-0904-7
https://doi.org/10.1016/0168-8227(92)90074-2
https://doi.org/10.1016/0168-8227(92)90074-2
https://doi.org/10.2337/diab.40.12.1615
https://doi.org/10.2337/diab.40.12.1615
https://doi.org/10.1002/oby.20805
https://doi.org/10.1002/oby.20805
https://doi.org/10.1515/jpem.2010.204
https://doi.org/10.1515/jpem.2010.204
https://doi.org/10.1002/ejsc.12057
https://doi.org/10.1002/ejsc.12057
https://doi.org/10.1152/ajpregu.00131.2013
https://doi.org/10.1152/ajpregu.00131.2013
https://doi.org/10.1159/000183766
https://doi.org/10.1159/000183766
https://doi.org/10.1098/rsob.210080


Current Obesity Reports            (2026) 15:8 

233.	Ren AJ, Guo ZF, Wang YK, Lin L, Zheng X, Yuan WJ. Obestatin, 
obesity and diabetes. Peptides. 2009;30:439–44. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​1​6​​/​j​.​​p​e​p​​t​i​d​​e​s​.​2​​0​0​​8​.​1​0​.​0​0​2.

234.	Li JB, Asakawa A, Cheng K, Li Y, Chaolu H, Tsai M, et al. Bio-
logical effects of obestatin. Endocrine. 2011;39:205–11. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​2​0​2​0​-​0​1​1​-​9​4​5​3​-​6.

235.	Zhang JV, Ren PG, Avsian-Kretchmer O, Luo CW, Rauch R, 
Klein C, et al. Obestatin, a peptide encoded by the ghrelin gene, 
opposes ghrelin’s effects on food intake. Science. 2005;310:996–
9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​6​​/​s​c​​i​e​n​c​e​.​1​1​1​7​2​5​5.

236.	Gourcerol G, Million M, Adelson DW, Wang Y, Wang L, Riv-
ier J, et al. Lack of interaction between peripheral injection of 
CCK and obestatin in the regulation of gastric satiety signaling in 
rodents. Peptides. 2006;27:2811–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​e​p​​t​
i​d​​e​s​.​2​​0​0​​6​.​0​7​.​0​1​2.

237.	Holst B, Egerod KL, Schild E, Vickers SP, Cheetham S, Gerlach 
LO, et al. GPR39 signaling is stimulated by zinc ions but not by 
obestatin. Endocrinology. 2007;148:13–20. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​
1​0​​/​e​n​​.​2​0​0​6​-​0​9​3​3.

238.	Yamamoto D, Ikeshita N, Daito R, Herningtyas EH, Toda K, 
Takahashi K, et al. Neither intravenous nor intracerebroventricu-
lar administration of obestatin affects the secretion of GH, PRL, 
TSH and ACTH in rats. Regul Pept. 2007;138:141–4. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​r​e​g​p​e​p​.​2​0​0​6​.​0​9​.​0​0​1.

239.	Lagaud GJ, Young A, Acena A, Morton MF, Barrett TD, Shankley 
NP. Obestatin reduces food intake and suppresses body weight 
gain in rodents. Biochem Biophys Res Commun. 2007;357:264–
9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​b​r​c​.​2​0​0​7​.​0​3​.​1​3​8.

240.	Egido EM, Hernandez R, Marco J, Silvestre RA. Effect of 
obestatin on insulin, glucagon and somatostatin secretion in the 
perfused rat pancreas. Regul Pept. 2009;152:61–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​1​6​​/​j​.​​r​e​g​p​e​p​.​2​0​0​8​.​0​8​.​0​0​3.

241.	Qi X, Li L, Yang G, Liu J, Li K, Tang Y, et al. Circulating 
obestatin levels in normal subjects and in patients with impaired 
glucose regulation and type 2 diabetes mellitus. Clin Endocrinol 
(Oxf). 2007;66:593–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​3​6​​5​-​2​​2​6​5​.​​2​0​​0​7​.​
0​2​7​7​6​.​x.

242.	St-Pierre DH, Settanni F, Olivetti I, Gramaglia E, Tomelini M, 
Granata R, et al. Circulating obestatin levels in normal and type 2 
diabetic subjects. J Endocrinol Invest. 2010;33:211–4. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​3​3​4​5​7​8​0.

243.	Anderwald-Stadler M, Krebs M, Promintzer M, Mandl M, 
Bischof MG, Nowotny P, et al. Plasma obestatin is lower at fast-
ing and not suppressed by insulin in insulin-resistant humans. Am 
J Physiol Endocrinol Metab. 2007;293:E1393-8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​1​5​2​​/​a​j​​p​e​n​d​o​.​0​0​3​3​0​.​2​0​0​7.

244.	Shao L, Zhao YT, Teng LL, Li MZ, Jiang H. Circulating obestatin 
levels correlate with fasting insulin and HOMA-IR but not with 
hypertension in elderly men. Cell Biochem Biophys. 2014;69:89–
92. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​2​0​1​3​-​0​1​3​-​9​7​7​2​-​8.

245.	Huda MS, Durham BH, Wong SP, Deepak D, Kerrigan D, 
McCulloch P, et al. Plasma obestatin levels are lower in obese 
and post-gastrectomy subjects, but do not change in response to a 
meal. Int J Obes (Lond). 2008;32:129–35. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​
/​s​j​​.​i​j​o​.​0​8​0​3​6​9​4.

246.	Zamrazilova H, Hainer V, Sedlackova D, Papezova H, Kunesova 
M, Bellisle F, et al. Plasma obestatin levels in normal weight, 
obese and anorectic women. Physiol Res. 2008;57(Suppl 1):S49–
55. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​5​4​​9​/​p​​h​y​s​i​o​l​r​e​s​.​9​3​1​4​8​9.

247.	Balagopal PB, Gidding SS, Buckloh LM, Yarandi HN, Sylvester 
JE, George DE, et al. Changes in Circulating satiety hormones in 
obese children: a randomized controlled physical activity-based 
intervention study. Obes (Silver Spring). 2010;18:1747–53. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​o​b​​y​.​2​0​0​9​.​4​9​8.

248.	Guo ZF, Zheng X, Qin YW, Hu JQ, Chen SP, Zhang Z. Circulat-
ing preprandial ghrelin to obestatin ratio is increased in human 

subjects. J Clin Endocrinol Metab. 2005;90:1068–71. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​.​2​0​0​4​-​1​2​1​6.

218.	Bounias I, Pouliliou S, Tripsianis G, Antonoglou C, Papazoglou 
A, Maltezos E, et al. Ghrelin levels in basal conditions and during 
glucose tolerance test in prediabetic and diabetic patients. Horm 
Metab Res. 2018;50:822–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​5​5​​/​a​-​​0​7​4​6​-​4​0​1​4.

219.	Erdmann J, Lippl F, Wagenpfeil S, Schusdziarra V. Differential 
association of basal and postprandial plasma Ghrelin with leptin, 
insulin, and type 2 diabetes. Diabetes. 2005;54:1371–8. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​i​​a​b​e​t​e​s​.​5​4​.​5​.​1​3​7​1.

220.	Bacha F, Arslanian SA. Ghrelin suppression in overweight chil-
dren: a manifestation of insulin resistance? J Clin Endocrinol 
Metab. 2005;90:2725–30. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​.​2​0​0​4​-​1​5​8​2.

221.	Poykko SM, Kellokoski E, Horkko S, Kauma H, Kesaniemi YA, 
Ukkola O. Low plasma Ghrelin is associated with insulin resis-
tance, hypertension, and the prevalence of type 2 diabetes. Diabetes. 
2003;52:2546–53. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​3​7​​/​d​i​​a​b​e​t​e​s​.​5​2​.​1​0​.​2​5​4​6.

222.	Chaiyasoot K, Sakai NS, Zakeri R, Makaronidis J, Crisostomo L, 
Alves MG, et al. Weight-loss independent clinical and metabolic 
biomarkers associated with type 2 diabetes remission post-bariat-
ric/metabolic surgery. Obes Surg. 2023;33:3988–98. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​6​9​5​-​0​2​3​-​0​6​9​0​5​-​8.

223.	Ostergard T, Hansen TK, Nyholm B, Gravholt CH, Djurhuus CB, 
Hosoda H, et al. Circulating Ghrelin concentrations are reduced 
in healthy offspring of type 2 diabetic subjects, and are increased 
in women independent of a family history of type 2 diabetes. Dia-
betologia. 2003;46:134–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​2​5​-​0​0​2​-​0​
9​8​5​-​4.

224.	Sato T, Ida T, Nakamura Y, Shiimura Y, Kangawa K, Kojima M. 
Physiological roles of Ghrelin on obesity. Obes Res Clin Pract. 
2014;8:e405–13. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​o​r​c​p​.​2​0​1​3​.​1​0​.​0​0​2.

225.	Solomou S, Korbonits M. The role of Ghrelin in weight-regula-
tion disorders: implications in clinical practice. Horm (Athens). 
2014;13:458–75. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​4​3​1​​0​/​h​​o​r​m​.​2​0​0​2​.​1​5​5​1.

226.	Mager U, Lindi V, Lindstrom J, Eriksson JG, Valle TT, Ham-
alainen H, et al. Association of the Leu72Met polymorphism of 
the ghrelin gene with the risk of Type 2 diabetes in subjects with 
impaired glucose tolerance in the Finnish Diabetes Prevention 
Study. Diabet Med. 2006;23:685–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​4​
6​​4​-​5​​4​9​1​.​​2​0​​0​6​.​0​1​8​7​0​.​x.

227.	Chen LL, Han SM, Tang FF, Li Q. MTLRP genetic polymor-
phism (214C > A) was associated with Type 2 diabetes in Cauca-
sian population: a meta-analysis. Lipids Health Dis. 2014;13:124. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​1​4​​7​6​-​5​1​1​X​-​1​3​-​1​2​4.

228.	Briggs DI, Lockie SH, Wu Q, Lemus MB, Stark R, Andrews 
ZB. Calorie-restricted weight loss reverses high-fat diet-induced 
Ghrelin resistance, which contributes to rebound weight gain in a 
Ghrelin-dependent manner. Endocrinology. 2013;154:709–17. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​e​n​​.​2​0​1​2​-​1​4​2​1.

229.	Cummings DE, Weigle DS, Frayo RS, Breen PA, Ma MK, Del-
linger EP, et al. Plasma ghrelin levels after diet-induced weight 
loss or gastric bypass surgery. N Engl J Med. 2002;346:1623–30. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​5​6​​/​N​E​​J​M​o​a​0​1​2​9​0​8.

230.	Weigle DS, Cummings DE, Newby PD, Breen PA, Frayo RS, 
Matthys CC, et al. Roles of leptin and ghrelin in the loss of body 
weight caused by a low fat, high carbohydrate diet. J Clin Endo-
crinol Metab. 2003;88:1577–86. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​.​2​0​0​2​
-​0​2​1​2​6​2.

231.	Reinehr T, Roth CL, Alexy U, Kersting M, Kiess W, Andler W. 
Ghrelin levels before and after reduction of overweight due to a 
low-fat high-carbohydrate diet in obese children and adolescents. 
Int J Obes (Lond). 2005;29:362–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​j​​.​i​j​o​.​
0​8​0​2​9​1​3.

232.	Papamargaritis D, le Roux CW. Do gut hormones contribute 
to weight loss and glycaemic outcomes after bariatric surgery? 
Nutrients. 2021. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​n​u​​1​3​0​3​0​7​6​2.

1 3

Page 25 of 26      8 

https://doi.org/10.1016/j.peptides.2008.10.002
https://doi.org/10.1016/j.peptides.2008.10.002
https://doi.org/10.1007/s12020-011-9453-6
https://doi.org/10.1007/s12020-011-9453-6
https://doi.org/10.1126/science.1117255
https://doi.org/10.1016/j.peptides.2006.07.012
https://doi.org/10.1016/j.peptides.2006.07.012
https://doi.org/10.1210/en.2006-0933
https://doi.org/10.1210/en.2006-0933
https://doi.org/10.1016/j.regpep.2006.09.001
https://doi.org/10.1016/j.regpep.2006.09.001
https://doi.org/10.1016/j.bbrc.2007.03.138
https://doi.org/10.1016/j.regpep.2008.08.003
https://doi.org/10.1016/j.regpep.2008.08.003
https://doi.org/10.1111/j.1365-2265.2007.02776.x
https://doi.org/10.1111/j.1365-2265.2007.02776.x
https://doi.org/10.1007/BF03345780
https://doi.org/10.1007/BF03345780
https://doi.org/10.1152/ajpendo.00330.2007
https://doi.org/10.1152/ajpendo.00330.2007
https://doi.org/10.1007/s12013-013-9772-8
https://doi.org/10.1038/sj.ijo.0803694
https://doi.org/10.1038/sj.ijo.0803694
https://doi.org/10.33549/physiolres.931489
https://doi.org/10.1038/oby.2009.498
https://doi.org/10.1038/oby.2009.498
https://doi.org/10.1210/jc.2004-1216
https://doi.org/10.1210/jc.2004-1216
https://doi.org/10.1055/a-0746-4014
https://doi.org/10.2337/diabetes.54.5.1371
https://doi.org/10.2337/diabetes.54.5.1371
https://doi.org/10.1210/jc.2004-1582
https://doi.org/10.2337/diabetes.52.10.2546
https://doi.org/10.1007/s11695-023-06905-8
https://doi.org/10.1007/s11695-023-06905-8
https://doi.org/10.1007/s00125-002-0985-4
https://doi.org/10.1007/s00125-002-0985-4
https://doi.org/10.1016/j.orcp.2013.10.002
https://doi.org/10.14310/horm.2002.1551
https://doi.org/10.1111/j.1464-5491.2006.01870.x
https://doi.org/10.1111/j.1464-5491.2006.01870.x
https://doi.org/10.1186/1476-511X-13-124
https://doi.org/10.1186/1476-511X-13-124
https://doi.org/10.1210/en.2012-1421
https://doi.org/10.1210/en.2012-1421
https://doi.org/10.1056/NEJMoa012908
https://doi.org/10.1056/NEJMoa012908
https://doi.org/10.1210/jc.2002-021262
https://doi.org/10.1210/jc.2002-021262
https://doi.org/10.1038/sj.ijo.0802913
https://doi.org/10.1038/sj.ijo.0802913
https://doi.org/10.3390/nu13030762


Current Obesity Reports            (2026) 15:8 

predict long-term weight loss after sleeve gastrectomy. Clin Nutr. 
2025;54:202–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​l​n​u​.​2​0​2​5​.​0​9​.​0​1​4.

254.	Dar MS, Chapman WH 3rd, Pender JR, Drake AJ 3rd, O’Brien 
K, Tanenberg RJ, et al. GLP-1 response to a mixed meal: what 
happens 10 years after Roux-en-Y gastric bypass (RYGB)? Obes 
Surg. 2012;22:1077–83. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​6​9​5​-​0​1​2​-​0​6​2​
4​-​1.

255.	Ansari S, Khoo B, Tan T. Targeting the incretin system in obesity 
and type 2 diabetes mellitus. Nat Rev Endocrinol. 2024;20:447–
59. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​7​4​-​0​2​4​-​0​0​9​7​9​-​9.

256.	Jiang L, Zhou L, Liu J, Wang G. Baseline glucagon impacts glu-
cose-lowering effects of acarbose but not metformin: a sub-analy-
sis of MARCH study. Diabetes Res Clin Pract. 2025;224:112207. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​d​i​a​​b​r​e​​s​.​2​0​​2​5​​.​1​1​2​2​0​7.

257.	Wong HJ, Sim B, Teo YH, Teo YN, Chan MY, Yeo LLL, et al. 
Efficacy of GLP-1 receptor agonists on weight loss, BMI, and 
waist circumference for patients with obesity or overweight: a 
systematic review, meta-analysis, and meta-regression of 47 ran-
domized controlled trials. Diabetes Care. 2025;48:292–300. ​h​t​t​p​s​
:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​2​3​​​3​7​/​​d​​c​2​4​-​1​6​7​8.

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

obesity. J Clin Endocrinol Metab. 2007;92:1875–80. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​2​1​0​​/​j​c​​.​2​0​0​6​-​2​3​0​6.

249.	Vicennati V, Genghini S, De Iasio R, Pasqui F, Pagotto U, 
Pasquali R. Circulating obestatin levels and the ghrelin/obestatin 
ratio in obese women. Eur J Endocrinol. 2007;157:295–301. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​3​0​​/​E​J​​E​-​0​7​-​0​0​5​9.

250.	Perakakis N, Kokkinos A, Peradze N, Tentolouris N, Ghaly W, 
Pilitsi E, et al. Circulating levels of gastrointestinal hormones in 
response to the most common types of bariatric surgery and pre-
dictive value for weight loss over one year: evidence from two 
independent trials. Metabolism. 2019;101:153997. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​e​t​​a​b​o​​l​.​2​0​​1​9​​.​1​5​3​9​9​7.

251.	Nielsen MS, Ritz C, Wewer Albrechtsen NJ, Holst JJ, le Roux 
CW, Sjodin A. Oxyntomodulin and glicentin may predict the 
effect of bariatric surgery on food preferences and weight loss. J 
Clin Endocrinol Metab. 2020. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​0​​/​c​l​​i​n​e​m​/​d​g​a​
a​0​6​1.

252.	Poitou C, Bouaziz-Amar E, Genser L, Oppert JM, Lacorte JM, Le 
Beyec J. Fasting levels of glicentin are higher in Roux-en-Y gas-
tric bypass patients exhibiting postprandial hypoglycemia during 
a meal test. Surg Obes Relat Dis. 2018;14:929–35. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​1​6​​/​j​.​​s​o​a​r​d​.​2​0​1​8​.​0​3​.​0​1​4.

253.	Janot C, Fourati S, Bernard A, Besnard P, Le Gall M, Ledoux 
S, et al. Meal-induced PYY and GLP1 secretions differently 

1 3

    8   Page 26 of 26

https://doi.org/10.1016/j.clnu.2025.09.014
https://doi.org/10.1007/s11695-012-0624-1
https://doi.org/10.1007/s11695-012-0624-1
https://doi.org/10.1038/s41574-024-00979-9
https://doi.org/10.1016/j.diabres.2025.112207
https://doi.org/10.1016/j.diabres.2025.112207
https://doi.org/10.2337/dc24-1678
https://doi.org/10.2337/dc24-1678
https://doi.org/10.1210/jc.2006-2306
https://doi.org/10.1210/jc.2006-2306
https://doi.org/10.1530/EJE-07-0059
https://doi.org/10.1530/EJE-07-0059
https://doi.org/10.1016/j.metabol.2019.153997
https://doi.org/10.1016/j.metabol.2019.153997
https://doi.org/10.1210/clinem/dgaa061
https://doi.org/10.1210/clinem/dgaa061
https://doi.org/10.1016/j.soard.2018.03.014
https://doi.org/10.1016/j.soard.2018.03.014

	﻿Gut Peptide Alterations in Type 2 Diabetes and Obesity: A Narrative Review
	﻿Abstract
	﻿Introduction
	﻿Literature Search
	﻿The PGDPs
	﻿Glucagon
	﻿OXM and Glicentin
	﻿GLP-1
	﻿GLP-2
	﻿MPGF and GRPP

	﻿Other Gut Peptides
	﻿GIP
	﻿PYY and PP
	﻿CCK
	﻿Secretin
	﻿Amylin
	﻿Ghrelin and Obestatin

	﻿Clinical Translation: Bariatric Surgery and Emerging Pharmacotherapies
	﻿Conclusions
	﻿Future Perspectives
	﻿Annotated References
	﻿References


