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Summary	 Type 2 diabetes mellitus (DM2) is a global threat to health with numbers of 
cases increasing exponentially. The pharmacological agents currently available for treatment 
of DM2 do not result in disease remission. Strikingly, bariatric surgery is successful in enforcing 
a prolonged remission of DM2 in a proportion of patients. The gut releases several hormones 
upon feeding, which affect hypothalamic, vagal and enteropancreatic pathways involved 
in the regulation of satiety and metabolism. One of the principal mechanisms by which 
bariatric surgery is capable of ameliorating DM2 is by means of increasing the secretion 
of key gut hormones such as glucagon-like peptide-1 (GLP-1), oxyntomodulin (OXM) and 
peptide YY (PYY). This review discusses available DM2 treatments based on GLP-1, as well 
as the potential therapeutic role of other gut hormones such as OXM, glucose-dependent 
insulinotropic polypeptide, ghrelin and PYY.

Keywords 	   
• GLP-1 analogues • glucose 
metabolism • gut–brain 
axis • gut hormones 
• hypothalamus • Type 2 
diabetes

Gut hormones & Type 2 diabetes 
Type 2 diabetes mellitus (DM2) is characterized by inappropriately high blood glucose concentra-
tion resulting from insulin deficiency – the pancreas does not produce enough insulin to maintain 
a normal blood glucose level – and insulin resistance – the body is unable to use the insulin that 
is produced. DM2 is becoming a serious health problem, and the number of cases per year are 
increasing exponentially around the world [1]. It is becoming more prevalent among children and 
adolescents, a phenomenon that is linked to rising levels of obesity in these age groups [2].

DM2 is associated with secondary complications such as cardiovascular disease, stroke, chronic 
renal failure, blindness, neuropathy and leg ulcers. DM2 is strongly linked to obesity. People are 
being diagnosed with diabetes at ever younger ages and the risk of diabetic complications increases 
the earlier it is diagnosed, posing a substantial economic burden on health services around the 
world [1].

Practice points

●● 	The gut–brain axis plays a significant role in glucose metabolism and appetite control.

●● 	The improvement in glycemic control following bariatric surgery, such as Roux-en-Y gastric bypass, is likely to be 
driven by changes in gut hormone levels, thus exploiting those changes might help us to target future medical 
therapies for Type 2 diabetes mellitus.

●● 	GLP-1 analogues improve glycemic control with associated weight loss but further studies are required to establish 
evidence of long-term benefit on cardiovascular risks.

●● 	Combinations of gut hormone analogues have enhanced effects on glucose metabolism and suppression of food 
intake with minimized side effects.
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Lifestyle interventions, including dietary 
therapy, exercise and behavior modification, 
are often recommended as the foundation of 
DM2 management. However, the value of these 
interventions has been recently cast in doubt by 
the results of the Look AHEAD study, which 
showed that an intensive lifestyle intervention 
did not reduce the rate of cardiovascular events 
in overweight or obese adults with DM2 [3].

Conventional treatments for DM2 include 
metformin, sulphonylureas (SU), thiazolidin-
ediones (TZD) and insulin. Apart from met-
formin they all promote weight gain. Obesity 
and diabetes aggravate each other. Weight gain 
causes an increase in insulin resistance and can 
worsen co-morbidities such as osteoarthritis and 
obstructive sleep apnea. Moreover, weight gain 
makes patients more disinclined to persist with 
treatment, leading to poorer outcomes.

Consequently, it is vital to have effective and 
efficient treatments for DM2 that do not cause 
weight gain and successfully improve glycemic 
control. The phenomenon of diabetes remis-
sion after gastric bypass surgery suggests that 
gut hormones have the important role in glucose 
control. This review will look at different gut 
hormones, their interactions with the nervous 
system and the potential for DM2 therapy.

●● Gut–brain axis
Gut hormones, nutrients such as glucose and 
fatty acids, and the afferent and efferent auton-
omous nervous system connect the gut and the 
brain. They inform the brain of the metabolic 
status of the gut (food intake, starvation and 
nutrient composition) through the activation 
of specific brain receptors. This then modulates 
complex brain pathways, generating efferent sig-
nals via the central and peripheral autonomic 
nervous system to control the functions of 
organs (bowels, liver, gall bladder, pancreas), gut 
hormone secretion and tissue-specific hormone 
sensitivity (Figure 1) [4]. We will look at the role 
of brain, peripheral nervous system, nutrients 
and gut hormones in these complex interactions.

Nervous system
The brain receives and integrates signals com-
ing from afferent neural pathways, gut peptides, 
direct nutrient sensing (glucose and fatty acids), 
and in response modulates vagal efferents (to 
control gut and metabolic function) and higher 
brain centers (to control the sensation of hunger 
and to trigger food-seeking behaviors).

●● Brain structures
The key integrating brain centers for the infor-
mation coming from the gut are the hypotha-
lamic nuclei and brainstem. The blood–brain 
barrier is fenestrated at the median eminence 
in the hypothalamus and at the area postrema 
of the brainstem, and this allows access of 
hormones and nutrients to the brain [5,6].

The hypothalamus integrates majority of neu-
ral, nutrient and hormonal signals coming from 
the gut. It modulates appetite in response to those 
signals via higher cortical centers (e.g., anterior 
cingulate cortex, amygdala, orbitofrontal cortex, 
nucleus accumbens, pre-frontal cortex) integrat-
ing the sensory (smell, taste, sight) and hedonic 
(reward) aspects of food. Within the hypothala-
mus, the arcuate nucleus (ARC) located in the 
mediobasal hypothalamus is one of the main 
nuclei regulating appetite [7]. The ARC, in turn, 
projects to the other parts of hypothalamus such 
as paraventricular nucleus (suppression of appe-
tite), dorsomedial nucleus (circadian activity), 
lateral hypothalamus (hunger) and ventromedial 
nucleus (feeling of fullness), and ultimately to 
the limbic system and the cortex, which centrally 
coordinate food-seeking behavior [8]. The ARC 
contains neurons sensitive to both enteropancre-
atic hormones (insulin, ghrelin, leptin, GLP-1) 
and nutrients (glucose, fatty acids) [8–10]. Both 
nutrients and hormones interact with each other. 
For example in rats receiving acute intracer-
ebroventricular injection of insulin followed by 
intraperitoneal cholecystokinin (CCK)-8 imme-
diately prior to the meal, the ability of CCK to 
reduce meal size was enhanced in the presence of 
elevated central insulin, suggesting they act syn-
ergistically to reduce meal size [11,12]. Additionally, 
research from our laboratory suggested that ace-
tate derived from the colonic fermentation of fatty 
acids crosses the blood–brain barrier and is taken 
up by the brain, especially the hypothalamus, 
resulting in appetite suppression [13].

The brainstem interacts with hypothalamic 
circuits and also itself plays a strategic role in 
the regulation of energy homeostasis [14]. Neural, 
nutrient and hormonal signals from the GI tract 
are sensed in the brainstem by mechanisms 
analogous to those seen in the hypothalamus 
[15–17]. One of the key structures is the nucleus 
of tractus solitarius (NTS). Glucose-sensing 
neurons in the NTS respond to low glucose by 
activating vagal motor nucleus causing nerve 
vagus firing and glucagon secretion, playing a 
crucial role in the counter-regulatory response 
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Figure 1. Gut–brain axis. 
GLP-1: Glucagon-like peptide-1; 
OXM: Oxyntomodulin; PYY: Peptide YY.
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to hypoglycemia [18]. Another area of the brain-
stem, the parabrachial nucleus, responds to the 
anorectic hormones amylin and CCK, as well 
as to lithium chloride and lipopolysaccharide, 
compounds that reproduce the effects of toxins 
and bacterial infections that trigger anorexia 
and emetic responses. Activation of parabrachial 
neurons projecting to the central nucleus of the 
amygdala suppresses appetite in animal models. 
Inhibiting these neurons increases food intake in 
circumstances when mice do not normally eat 
[19]. Therefore, multiple areas of the brainstem 
subserve appetite regulatory functions, integrat-
ing various inputs and passing these signals on 
to the hypothalamic regulatory centers.

●● Peripheral nervous system
The afferent ascending neural fibers sense gut sta-
tus directly via osmoreceptors, stretch receptors 
and chemoreceptors. This process can be modu-
lated by nutrients, hormones, circadian signals 
and the gut microbiota [20]. These afferents also 
innervate the portal vein and directly sense nutri-
ents such as glucose [21] and signal back to the 
brainstem via the vagus nerve and spinal nerves. 
The vagus nerve predominantly innervates the 
upper GI tract. The cell bodies of the vagal affer-
ent nerves lie within the nodose and jugular gan-
glia which then terminate centrally within the 
NTS and project further to other regions of the 
brainstem, such as to the dorsal motor nucleus 
of the vagus and also into the area postrema 
[20,22]. Afferent fibers form as much as 90% of 
the vagus and are comprised almost entirely of 
unmyelinated C fires and myelinated Aδ fibers 
[23]. Spinal afferents (splanchnic and pelvic) have 
cell bodies located in the dorsal root ganglia and 
project centrally via the spinal cord to the thala-
mus [20,22]. Efferent fibers originate mainly from 
the vagal motor nucleus and control gut motility, 
endocrine, exocrine and metabolic functions [20].

GI vagal afferents act as important nutri-
ent sensors. The long-chain fatty acids oleate 
and linoleate have been shown to activate 
mouse vagal afferents innervating the small 
intestine [24]. This effect is diminished by the 
cholecystokinin receptor 1 (CCK1R) antago-
nist lorglumide, suggesting that activation of 
vagal afferents by fatty acids is dependent on 
CCK signaling [25]. Furthermore, hepatic vagal 
afferents have been shown to be activated by 
portal infusion of GLP-1, which further aug-
ments activity in the pancreatic vagal efferents, 
causing insulin secretion in anaesthetized rats 

[21,26]. The vagus also plays a role in control-
ling insulin and glucagon secretion from the 
pancreas. Vagotomy causes a fall in portal vein 
insulin levels while stimulation of both the right 
and left vagus causes a transient rise in insulin 
levels [27]. Additionally, injection of atropine (a 
muscarinic receptor antagonist) reduces basal 
levels of insulin and glucagon induced by either 
hypoglycemia [28] or intravenous injection of 
arginine [29].

In addition, there is a growing evidence of 
the role of interactions between the liver and 
beta cells of the pancreas with the hypothalamus 
and vagus nerve in the pathogenesis of DM2. 
Circulating insulin crosses the blood–brain 
barrier and acts on its receptor in the hypo-
thalamus to lower food intake and body weight 
[30,31]. Infusion of insulin into the brain low-
ers food intake [11] and a high-fat diet induces 
hypothalamic insulin resistance in rodents [32]. 
Furthermore, pharmacologically blocking glu-
cose entry into cells close to the third ventri-
cle of the rat altered the acute insulin secretory 
response to intravenous glucose, suggesting 
that a subgroup of hypothalamic neurons have 
the capacity to sense glucose and influence the 
secretion of insulin [33]. Further characterization 
of insulin signaling pathways may reveal novel 
targets that reverse brain insulin resistance and 
help in DM2 management.

●● Therapeutic approaches to nervous 
system in treatment of DM2
Preclinical work in animals and preliminary 
studies in human subjects suggested that vagal 
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blockade was associated with enhanced satiety, 
decreases in food intake, and weight loss over 
prolonged follow-up periods. One of the pos-
sible mechanisms suggests that CCK and lep-
tin (as they both have receptors on the vagus 
nerve) could act synergistically to induce short-
term inhibition of food intake and long-term 
reduction of body weight. This synergistic 
interaction between vagal CCK1R and leptin is 
mediated by the phosphorylation of signal trans-
ducer and activator of transcription, which in 
turn, activates closure of K+ channels, leading 
to membrane depolarization and neuronal fir-
ing (reviewed in [34]). The EMPOWER study, 
which used intermittent, bilateral blockade of 
both vagal nerves (VBLOC), failed to show a 
clinically relevant weight loss in obese individu-
als [35]. More recently, the same group implanted 
VBLOC in twenty-eight obese subjects with 
DM2 showing significant weight reduction, 
reduction in HbA1c and mean arterial blood 
pressure [36]. These results suggest that the vagus 
nerve plays a role in the regulation of insulin 
secretion and appetite, and further studies are 
required to establish the therapeutic utility of 
vagal nerve modulation.

Gut hormones
The gastrointestinal hormones are secreted 
in response to nutrients and efferent stimula-
tion by enteroendocrine cells that are found 
in the stomach, pancreas and small intestine. 
They coordinate the digestive process within 
the gastrointestinal system via autocrine and 
paracrine effects. They also exert endocrine 
effects on other organs including the central 
(hypothalamus and brainstem) and peripheral 
(vagal afferents) nervous systems where they 

control metabolism, modulate satiety, trigger 
the incretin effect and control gastric motility. 
In addition, some of the gut hormones act as 
neurotransmitters and neuromodulators in the 
CNS itself. This review looks at the range of gut 
hormones and their potential benefits in diabetes 
management (summarized in Table 1).

●● Glucagon-like peptide-1
Glucagon-like peptide-1 (GLP-1) is formed from 
alternative cleavage of proglucagon and secreted 
mainly from L neuroendocrine cells in the distal 
small intestine in response to ingested food [37]. 
The secretion of GLP-1 is regulated by a com-
plex neuroendocrine loop involving the enteric 
nervous system, the afferent and efferent vagus 
nerves, bile acid receptors, and direct sensing of 
luminal nutrients by taste receptors [38,39]. GLP-1 
is responsible for the incretin effect – that is, the 
enhancement of insulin secretion following oral 
glucose intake, which is not seen when the same 
amount of glucose is given intravenously. GLP-1 
stimulates glucose-dependent insulin release, 
suppresses glucagon secretion and delays gastric 
emptying [40,41]. Additionally, administration 
of GLP-1 in both animals and humans results 
in reduced appetite and food intake, promoting 
weight loss [42]. It is thought to promote weight 
loss by central suppression of feeding [43] and via 
delayed gastric emptying promoting early sati-
ety [44]. GLP-1 mediates this effect via GLP-1 
receptors in the hypothalamus and the brainstem 
[45,46], although at present it is still controversial 
as to how the central GLP-1 system is linked 
to peripheral post-prandial GLP-1 release and 
whether gut-derived GLP-1 can enter the brain 
to a sufficient extent to activate central GLP-1 
receptors.

Table 1. Review of action of gut hormones and their potential role in diabetes management.

Gut hormones Main action Benefits in diabetes treatment

GLP-1 Incretin effect – increased insulin secretion postprandially 
Delayed gastric emptying 
Reduced appetite and food intake via action on brain structures

++

Oxyntomodulin Incretin effect – increased insulin secretion postprandially (GLP-1 effect) 
Reduced appetite and food intake via action on brain structures (GLP-1 effect) 
Increased energy expenditure (glucagon effect) 
Improves glucose homeostasis (glucagon effect)

+++

GIP Incretin effect – increased insulin secretion postprandially 
Increased lipogenesis and inhibition of lipolysis

+/-

Ghrelin Increased appetite Inhibition of insulin secretion and reduction of insulin sensitivity 
Increased hepatic gluconeogenesis

-

PYY Suppression of appetite via action on hypothalamus ?
GIP: Glucose-dependent insulinotropic polypeptide; GLP-1: Glucagon-like peptide-1; OXM: Oxyntomodulin; PYY: Peptide YY.
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For these reasons GLP-1 action is beneficial 
in obese diabetic patients. Our group was one 
of the first ones to show that GLP-1 treatment 
(pre-meal injections) was able to improve glyce-
mic control in patients with DM2 over 6 weeks 
[47]. GLP-1 has very short half-life (1.5–5 min) 
in plasma due to rapid degradation by dipepti-
dyl peptidase-4 (DPP-4), which is a major limi-
tation for its use in the clinical setting [41,48]. 
Degradation-resistant GLP-1 receptor agonists 
(incretin mimetics), and inhibitors of DPP-4 
activity (incretin enhancers) are now used 
clinically for treatment of diabetes.

●● GLP-1 mimetics
GLP-1 analogues have been developed to pro-
duce a longer half-life to allow for more sustained 
incretin effect and to make treatment practical 
for patients. The first analogue described in 
1992 was exenatide (exendin-4, Amylin/Lilly, 
now BMS). It is a GLP-1 receptor agonist origi-
nally isolated from the saliva of Heloderma sus-
pectum, the Gila monster lizard. It shares a 53% 
homology with human GLP-1 and it is resistant 
to DPP-4 cleavage [49]. Recently a once-weekly 
formulation, exenatide LAR, was developed to 
allow for slow release over 7 days, and which 
performed better than exenatide twice daily in 
terms of HbA1c reduction with no increased risk 
of hypoglycemia and similar reductions in body 
weight [50].

The second GLP-1 analogue was liraglu-
tide (Novo Nordisk). It is 97% homologous 
to native GLP-1 and its modification allows it 
to bind to albumin, increasing the half-life of 
liraglutide to 13 h [51]. Following exenatide and 
liraglutide’s commercial success, further com-
panies are developing new GLP-1 analogues, 
for example, lixisenatide (Sanofi-Aventis) [52], 
albiglutide (GlaxoSmithKline) [53], dulaglutide 
(Eli Lilly) [54] and semaglutide (Novo Nordisk) 
[55]. Currently available GLP-1 analogues can 
be divided into a short-acting group (exenatide 
and lixisenatide) and longer acting group (lira-
glutide, exenatide long-acting release, albiglutide 
and dulaglutide). It is postulated that shorter 
acting GLP-1 analogues reduce hyperglycaemia 
primarily by slowing gastric emptying, whereas 
longer acting GLP-1 analogues predominantly 
lower post-prandial glucose levels by increasing 
insulin and suppressing glucagon release [56].

A meta-analysis of GLP-1 analogues published 
in 2012 showed that the highest maintenance 
doses of the GLP-1 analogues were associated 

with reduction in mean HbA1c of 1.1–1.6% [57]. 
One of the key advantages of GLP-1 analogue 
treatment is that patients also lose weight due 
to its appetite-suppressing effect. A recent meta-
analysis including 25 trials involving exenatide 
twice daily, exenatide once weekly and liraglu-
tide given for at least 20 weeks in both diabetics 
and non-diabetics found patients treated with 
GLP-1 analogues achieved a greater weight loss 
than control groups (weighted mean difference: 
2.9 kg). Additionally, benefits were seen in terms 
of lowering systolic blood pressure, cholesterol 
and glycemia [58]. While rodent studies have 
found a favorable effect of GLP-1 analogues on 
β-cell mass, raising the possibility of a disease-
modifying effect, it is too early to envisage the 
same will happen in humans, despite some 
positive studies [59].

As GLP-1-based therapies are still relatively 
new, safety concerns remain. The most common 
adverse event associated with GLP-1 receptor 
agonists is nausea and vomiting. It is common 
in the first few weeks of treatment and gradu-
ally decreases with time [60]. Outside gastroin-
testinal side effects, malignant thyroid C-cell 
carcinomas were observed in rodents following 
high-doses of liraglutide. It is unclear whether 
these risks apply to humans [61]. Furthermore, 
an association of long-term GLP-1 analogue 
therapy with an increased risk for pancreatitis is 
under debate. GLP-1 analogue therapy appears 
to be associated with hyperplasia of both the 
exocrine and endocrine pancreas, particularly 
alpha-cells [62]. A recent systematic review and 
meta-analysis suggested that the incidence of 
pancreatitis among patients using incretins is 
low and that the drugs do not increase the risk 
of pancreatitis [63].

●● DPP-4 inhibitors
GLP-1 enhancers work through inhibition of 
DPP-4, leading to a rise in endogenous GLP-1 
levels, enhanced insulin release and suppression 
of glucagon secretion [64]. DPP-4 inhibitors are 
orally administered and currently there are five 
different drugs available on the market – sitag-
liptin (2006), vildagliptin (2007), saxagliptin 
(2009), linagliptin (2011) and alogliptin (2013). 
Unlike GLP-1 agonists, they do not slow gastric 
emptying nor increase satiety, hence their effect 
on glycemia is less marked and they do not cause 
reductions in weight [64]. In a Cochrane review 
sitagliptin and vildagliptin were found to reduce 
HbA1c by 0.6–0.7% compared with placebo, 
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with few adverse events and no weight gain [65]. 
A recent meta-analysis looking at DPP-4 inhibi-
tors as a monotherapy and in combination with 
other oral glucose-lowering agents revealed 
a similar improvement in glycemic control as 
TZDs and SUs, but the key differences were 
that the gliptins are weight neutral and there 
are fewer reported cases of hypoglycemia [66]. 
Despite these salutary effects on glycemia, the 
recently published results of the SAVOR study 
in over 16,000 patients showed that saxagliptin 
did not affect the rate of ischemic events such as 
stroke or myocardial infarction [67].

●● Oxyntomodulin
Oxyntomodulin (OXM) is a 37-amino acid 
peptide secreted from the intestine following 
nutrient ingestion, in a similar fashion to GLP-1 
[68]. It originates from the same proglucagon 
precursor as GLP-1 [68]. OXM is a dual agonist 
of the GLP-1 receptor and the glucagon recep-
tor combining the effects of both hormones 
[42,69,70]. OXM decreases food intake (GLP-1 
action), increases energy expenditure (glucagon 
action) and enhances insulin secretion (GLP-1 
action), thus representing a valuable candidate 
for possible therapeutic development [71].

Administration of OXM to high fat-fed mice 
improves glucose tolerance by enhancing glu-
cose disposal and inhibiting endogenous glucose 
production [72]. One week of intraperitoneal 
OXM caused a reduction in food intake, weight 
gain and inhibited fasting plasma ghrelin secre-
tion in rats [73]. Injections of OXM in humans 
cause significant weight loss in volunteers, both 
by reducing appetite and increasing energy 
expenditure [74].

Many companies and research institutes are 
working on OXM analogues resistant to pepti-
dase degradation [75]. Pocai et al. described a dual 
GLP-1 and glucagon receptor agonist (DualAG), 
in essence a cholesterylated OXM. Studies in 
diet-induced obese mice revealed superior weight 
loss, lipid-lowering activity and antihyperglyce-
mic efficacy compared with GLP-1 only recep-
tor agonist [70]. Day et al. also described new 
PEGylated peptides with agonism at the glucagon 
and GLP-1 receptors. Administration of these 
peptides once per week normalized adiposity 
and glucose tolerance in diet-induced obese mice. 
Reduction of body weight was achieved by a loss 
of body fat resulting from decreased food intake 
and increased energy expenditure [76]. These 
preclinical studies indicate that when full GLP-1 

agonism is augmented with a degree of glucagon 
receptor activation, there is a significant effect on 
glucose metabolism and weight, and such mul-
tiple-acting peptides may hold promise as novel 
therapies for obesity–diabetes. Validating this 
approach, our group recently published results 
of a study in which glucagon and GLP-1 were 
coadministered to overweight or obese human 
volunteers. Resting energy expenditure rose sig-
nificantly with glucagon alone or in combination 
with GLP-1. Glucagon infusion was accompa-
nied by a rise in plasma glucose levels, but the 
addition of GLP-1 to glucagon rapidly reduced 
this excursion due to a synergistic insulinotropic 
effect. The data indicate that drugs with gluca-
gon and GLP-1 agonist activity may represent a 
useful treatment for DM2, but clinical data with 
these drugs is needed to prove their efficacy [77]. 
Further studies are required to provide evidence 
of a translational effect in human studies.

●● Glucose-dependent insulinotropic 
polypeptide
Glucose-dependent insulinotropic polypeptide 
(GIP) is a 42 amino acid peptide that is secreted 
in the duodenum and jejunum. It acts together 
with GLP-1 as an incretin to stimulate insu-
lin release post-prandially. Additionally to the 
incretin effect, GIP has direct anabolic effects 
on adipose tissue by stimulating glucose import, 
fatty acid synthesis, lipogenesis and inhibiting 
lipolysis [78]. This action is not desirable as many 
diabetic patients are also obese and obesity 
contributes to insulin resistance.

A recent meta-analysis suggested that 
patients with DM2 have preserved GIP secre-
tion in response to oral glucose and meal tests. 
Furthermore, obesity is associated with increased 
GIP responses while high age and HbA1c are 
associated with reduced GIP secretion [79]. 
Although the infusion of exogenous GIP into 
patients with DM2 worsens glucose tolerance [80], 
GIP analogues (developed similarly to GLP-1) 
have been shown to improve glucose homeostasis 
in obese mice [81]. Although the results are not 
encouraging, researchers attempted to include 
GIP in combination with other peptides. Bhat 
et al. designed a novel GIP-Oxm peptide incor-
porating the actions of GIP, GLP-1 and gluca-
gon in a single molecule. Acute administration of 
this compound to high fat fed mice resulted in a 
45% reduction of plasma glucose and a 1.7-fold 
increase in insulin concentrations. Chronic once-
daily administration for 15 days lowered body 
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weight (13% reduction), reduced plasma glucose 
(40% reduction) and increased plasma insulin 
[82]. Another group recently reported a novel 
peptide with potent co-agonism at both of the 
receptors for GLP-1 and GIP. This dual incretin 
agonist demonstrated superior efficacy compared 
with selective GLP-1 analogues in increasing 
insulin sensitivity and improving glycemic con-
trol in multiple animal models including obese 
mice, diabetic rats and primates (cynomolgus 
macaques and humans) [83]. As the evidence of 
benefits of GIP agonists is conflicting, antago-
nism of the GIP receptor was considered as GIP 
has direct anabolic effect on adipose tissue. Pro

3
-

GIP, a GIP antagonist, has been shown to reduce 
weight and improve carbohydrate metabolism 
in diet-induced obese mice [84]. Further stud-
ies are needed to evaluate the clinical potential 
of GIP agonism versus antagonism in humans. 
The current state of play would suggest that GIP 
is not a great candidate for diabetes therapy by 
itself, but may be more promising in combina-
tion with other gut hormone therapies such as 
GLP-1-based therapies.

●● Ghrelin
Ghrelin is a 28 amino acid octanoylated peptide 
that is secreted mainly in the stomach and pan-
creas [85]. Ghrelin levels increase before meals 
and decrease afterwards, and it is known for 
its orexigenic (increasing food intake) proper-
ties [86]. The ghrelin receptor, growth hormone 
secretagogue receptor (GHSR1a) is expressed in 
a wide variety of tissues, including the pituitary, 
hypothalamus, stomach, intestine, pancreas, 
thymus, gonads, thyroid and heart [87]. The 
diversity of ghrelin receptor locations suggests 
it has various biological functions.

Ghrelin affects glucose homeostasis by inhi-
bition of insulin secretion [88], stimulation of 
the release of growth hormone and reduction 
of insulin sensitivity [89]. When mice were put 
on a calorie-restricted diet, their body fat dis-
appeared, but blood glucose was maintained as 
long as the animals produced ghrelin. Calorie-
restricted ghrelin knock-out mice fail to show 
the normal increase in growth hormone and 
become profoundly hypoglycemic when fasted 
[90], suggesting that ghrelin is needed for hepatic 
gluconeogenesis.

Our group showed that intravenous ghrelin 
enhances appetite and increases food intake in 
humans [91] and also causes hyperphagia and 
obesity in rats [92].

Since ghrelin has pro-diabetic actions, 
GHSR1a antagonism could be a promising 
strategy for the treatment of T2DM. Repeated 
administration of GHSR1a antagonists decreased 
body weight gain and improved glycemic control 
in obese mice [93]. Another study in wild-type 
rats using small-molecule GHSR1a antagonists 
also demonstrated improved glucose toler-
ance [94]. Ghrelin-O-acyl transferase (GOAT) 
octanoylates ghrelin so it can act on its receptor 
GHSR1a, hence its inhibition may be an alterna-
tive target [95]. Intraperitoneal administration of 
a GOAT inhibitor improved glucose tolerance 
and reduced weight gain in wild-type mice [96]. 
Taken together, these studies suggest that ghrelin 
plays an important role in the regulation of glu-
cose homeostasis but as it acts on many organs, 
with both beneficial and detrimental effects, cau-
tion must be taken to avoid side effects when 
developing therapies.

●● Peptide YY
Peptide YY (PYY) is a satiety hormone released 
from the enteroendocrine L cells and its concen-
tration in the circulation increases post-prandi-
ally [97]. Full-length PYY

1–36
 is quickly processed 

by DPP-4 to PYY
3–36

, which selectively binds 
to the neuropeptide Y subType 2 receptor and 
suppresses appetite, possibly by inhibiting the 
release of the appetite-stimulating neurotrans-
mitter neuropeptide Y in the hypothalamus 
[98]. Intravenous infusion of PYY can reduce 
food intake in both lean and obese individu-
als [97,99]. Although animal studies suggest that 
PYY can increase insulin sensitivity [98], in a 
study of healthy human volunteers PYY infu-
sion caused increased thermogenesis, lipolysis, 
and increased postprandial insulin and glucose 
responses [100]. Therefore, the role of PYY in 
DM2 pathophysiology and potential treatment 
is yet to be clarified.

Lessons from bariatric surgery
There is emerging a substantial amount of 
literature on the key role of bariatric surgery, 
particularly Roux-en-Y gastric bypass (RYGB), 
in the treatment of DM2. The effects can be 
visible within days and show improved glyce-
mic control irrespective of weight loss. These 
observations have been reported since 1984, 
when the first study described 23 patients with 
DM2 using insulin who underwent bariatric 
surgery; 14 were able to discontinue its use, and 
in seven others the amount of insulin needed 
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was substantially reduced [101]. More recently, 
Mingrone et al. observed severely obese patients 
with DM2 who underwent bariatric surgery. 
After 2 years they reported diabetes remission 
in 75% in the gastric bypass group, 95% in the 
biliopancreatic diversion group and no remis-
sion in the medical therapy group. The HbA1c 
level (baseline 8.65 ± 1.45%) had decreased 
in all groups, but patients in the two surgical 
groups had the greatest degree of improvement 
(HbA1c 7.69 ± 0.57% in the medical therapy 
group, 6.35 ± 1.42% in the gastric bypass group, 
and 4.95 ± 0.49% in the biliopancreatic diver-
sion group) [102]. Bariatric surgery has become 
a model to research the potential mechanisms 
contributing to resolution/improvement of 
DM2. Various hypotheses have been proposed 
for the mechanisms mediating the improve-
ment and/or resolution of DM2 immediately 
post-bariatric surgery. These include changes in 
gut hormone levels (especially GLP-1, OXM and 
PYY) [103,104], alterations in bile acids metabo-
lism [105], changes in gut microbiota [106] and 
changes in intestinal glucose metabolism [107]. 
Elevated levels of gut hormones such as PYY, 
OXM and GLP-1, both fasting and post-pran-
dially, were shown to facilitate weight loss and 
improvements in glycemia via multiple mecha-
nisms including: appetite suppression, increased 
energy expenditure, altered taste preferences, 
stimulation of insulin secretion and improve-
ments in insulin sensitivity [103,108,109]. To study 
the significance of changes in gut hormone lev-
els post-bariatric surgery in diabetic patients, 
Jørgensen et al. investigated postprandial glu-
cose metabolism in obese patients with DM2 
with concomitant infusion of GLP-1 receptor 
antagonist – exendin(9–39) or placebo. Nine 
patients were examined before, and 1 week and 
3 months after RYGB. GLP-1 receptor blockade 
blunted postprandial β-cell responses more after 
than before RYGB, which in turn resulted in 
a greater impact of exendin(9–39) on glucose 
tolerance after the operation compared with 
preoperatively [104]. This suggests a major role 
of GLP-1 in maintaining glucose tolerance and 
insulin secretion in patients with DM2 after 
RYGB. RYGB is the most common form of 
gastric surgery and therefore the most studied 
procedure, but other types of surgery may have 
similar impacts. A comparison of RYGB with 
sleeve gastrectomy (SLG) in obese patients with 
DM2 showed that both procedures had a simi-
lar impact on diabetes remission after 1 year, 

as evidenced by β-cell glucose sensitivity tested 
in mixed-meal test and an increased GLP-1 
response. In addition, other hormonal responses 
apart from PP and amylin were similar between 
the two groups [110]. Recently, Scholtz et al. used 
functional MRI to demonstrate that morbidly 
obese patients after RYGB show significantly 
lower responses to high-calorie food images in 
the reward system of the brain, compared with 
non-operated obese controls and obese patients 
after gastric banding. The RYGB group rated 
the high-calorie food images as less appealing 
and had lower activation in brain reward systems 
(amygdala and hippocampus). These changes 
were accompanied by higher levels of the ano-
rexigenic plasma gut peptides – PYY and GLP-1, 
as well as bile acids – and lower levels of insulin 
during presentation of the images and/or meal 
intake [111].

The longitudinal Swedish Obese Subjects 
(SOS) study suggested both sustained remission 
and prevention of DM2 up to 15 years in severely 
obese patients after bariatric surgery compared 
with matched controls treated medically, but 
despite matching some baseline characteristics 
differed significantly between the groups (base-
line body weight was greater and risk factors were 
more marked in the bariatric surgery arm than 
in controls) [112,113]. Schauer et al. recently pub-
lished results of a 3-year study comparing obese 
patients with uncontrolled DM2 who either had 
intensive medical therapy plus bariatric surgery 
or medical therapy alone. By the end of 3-year 
period, 24–38% of patients who underwent sur-
gery (SLG or RYGB) achieved HbA1c below 6% 
while only 5% of patients in the medical therapy 
group [114]. In summary, although bariatric sur-
gery leads to greater body weight loss and higher 
remission rates of DM2 compared with medical 
treatment, the results are limited to 2–3 years 
of follow-up and based on a small number of 
studies and individuals [115]. There is a need for 
randomized controlled trials comparing the best 
medical and nutritional therapy with bariatric 
surgery to specifically treat DM2 and to assess 
its influence on long-term complications and 
cardiovascular outcomes. Additionally, the hor-
monal changes after bariatric surgery can guide 
the development of gut hormone analogues as 
treatments for DM2.

Novel technologies
Most recently endoscopy opened a novel path-
way for less invasive methods to treat obesity 
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and T2DM. The duodenal–jejunal bypass liner 
(DJBL; EndoBarrier; GI Dynamics, MA, USA) 
is a 60-cm-long impermeable sleeve-like device 
placed endoscopically into the small intestine. 
It is supposed to mimic RYGB-related proxi-
mal small intestinal exclusion, as ingested 
nutrients flow through the device lumen and 
do not contact the duodenal mucosa, keeping 
biliopancreatic secretions external to the device. 
A recent pilot nonrandomized study looked at 
glycemic control and gut hormone levels in 17 
obese people with T2D who received a DJBL 
for 6 months [116]. At the end of the study par-
ticipants lost weight and their glycemic control 
improved, as evidenced by significant reduction 
in HbA1c, fasting glucose levels and postpran-
dial glucose response. Similar to post-RYGB, 
reduced glucagon and increased GLP-1 levels 
were documented, and this is likely due to 
the fact that nutrients are channeled straight 
to the jejunum where L cell density is higher. 
Although this study suggests potential hor-
monal mechanisms for diabetes improvement, 
only few other small studies have been car-
ried out until now with no large, multicenter, 
randomized controlled trials [117,118]. Further 
trials are essential to measure the benefits of 
the DJBL in patients with DM2 and also to 
examine its possible complications.

Conclusion
The gut is a key endocrine organ secreting a vari-
ety of hormones, which directly and indirectly 
affect brain. This gut–brain axis is crucial in 
the regulation of energy homeostasis and glucose 
metabolism. Bariatric surgery causes multiple 
changes in gut hormones, which are implicated 
in the weight loss and improvement in glyce-
mic control of DM2 patients undergoing sur-
gery. Some of these effects can be replicated by 
already available GLP-1 analogues, but it is clear 
that GLP-1 analogues alone are not capable of 
replicating all the improvements after bariatric 

surgery. Currently multiple laboratories, includ-
ing ours, are working on the development of gut 
hormone combinations aiming at synergistic 
action on appetite control and glucose metabo-
lism to obtain benefits of a larger magnitude 
than obtainable with GLP-1 analogues. Further 
research is required to discover new treat-
ments that will be more effective in reducing 
food intake without nausea, increasing energy 
expenditure and ameliorating the metabolic 
pathophysiology of DM2.

Future perspective
DM2 and its management attracts a vast 
amount of research, both basic and clinical. 
Technological solutions such as nerve implants 
will not be widely available in the nearest future 
and pharmacological research carries the most 
prospects for the next 10 years. Evidence from 
bariatric surgery studies suggests it may be pos-
sible to reset metabolism and put diabetes into 
remission. Gut hormones are vital in regulating 
energy homeostasis and their levels are affected 
by bariatric surgery. For these reasons, research 
into pharmacological agents that could mimic 
gut hormone changes and selectively reset energy 
metabolism is currently the most exciting pros-
pect for significantly reducing the burden of 
DM2. As single agents are not able to capture 
all the benefits, all the effort is put into drug 
combinations aiming at synergistic action on 
appetite control and glucose metabolism.
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