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Abstract
Recently, diabetic gastroparesis (DGP) has received 
much attention as its prevalence is increasing in a 
dramatic fashion and management of patients with 
DGP represents a challenge in the clinical practice due 
to the limited therapeutic options. DGP highlights an 
interrelationship between the gastric emptying and 
pancreatic secretory function that regulate a wide 
range of digestive and metabolic functions, respectively. 
It well documented that both gastric emptying and 
pancreatic secretion are under delicate control by 
multiple neurohormonal mechanisms including extrinsic 
parasympathetic pathways and gastrointestinal (GI) 
hormones. Interestingly, the latter released in response 
to various determinants that related to the rate and 
quality of gastric emptying. Others and we have 
provided strong evidence that the central autonomic 
nuclei send a dual output (excitatory and inhibitory) to 
the stomach and the pancreas in response to a variety 
of hormonal signals from the abdominal viscera. Most 
of these hormones released upon gastric emptying 
to provide feedback, and control this process and 
simultaneously regulate pancreatic secretion and 
postprandial glycemia. These findings emphasize an 
important link between gastric emptying and pancreatic 
secretion and its role in maintaining homeostatic 
processes within the GI tract. The present review 
deals with the neurohormonal-coupled mechanisms 
of gastric emptying and pancreatic secretory function 
that implicated in DGP and this provides new insights 
in our understanding of the pathophysiology of 
DGP. This also enhances the process of identifying 
potential therapeutic targets to treat DGP and limit the 
complications of current management practices.
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Core tip: Prevalence of diabetic gastroparesis (DGP) 
is increasing in a dramatic fashion, however there are 
still gaps in our understanding of the pathophysiology 
of DGP. It well documented that gastric emptying and 
subsequent pancreatic secretion are interrelated and 
regulated by several neurohormonal mechanisms. 
Dysfunction of these mechanisms affects gastric 
emptying, pancreatic secretion and postprandial 
glycemia. Therefore, the present article reviews the 
neurohormonal-coupled mechanisms that control 
gastric emptying and pancreatic secretion and their 
plausible involvement in DGP. This will help in identi-
fication of novel therapeutic targets to treat DGP with 
minimal adverse effects on postprandial glycemia.
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INTRODUCTION
Gastroparesis (or stomach paralysis) is a chronic and 
symptomatic disorder characterized by a complex 
pathogenesis which mainly includes delayed gastric 
emptying in the absence of mechanical obstruction[1,2]. 
It may also involve reduced antral contraction, impaired 
gastric accommodation, slow wave dysrhythmia and 
partial loss of the interstitial cells of Cajal (ICCs)[3-5]. 
Therefore, comprehensive criteria have been recom-
mended to evaluate and diagnose gastoparesis. Docu-
mented delay in gastric emptying is one of the main 
requirements to confirm the diagnosis of gastoparesis 
and this can be achieved by measuring gastric retention 
of solids by scintigraphy[6].

Given the fact that more than 30% of gastroparesis 
cases are related to diabetes mellitus (DM), several 
studies have investigated the pathophysiological nature 
of diabetic gastroparesis (DGP)[7]. Understanding of the 
relationship between DM and gastoparesis has evolved 
during the last decade as a result of several research 
studies and initiatives such as  the Gastoparesis Clinical 
Research Consortium[8].

High prevalence of DGP has been reported in 
Type 1 DM (approximately 40%) and Type 2 DM 
(approximately 30%) and it was found that in a cohort 
of unselected patients with DM, DGP was present in 
28% of cases[9]. The prevalence of DGP seems to be 

significantly dependent on the duration of DM and 
gender. Compared to newly diagnosed patients with 
DM, patients with long-standing DM are more likely 
to experience DGP[10,11]. Similarly, the prevalence of 
DGP is higher among females compared to males 
and, although the reason for this gender-difference is 
unknown, the fact that gastric emptying is slower in 
females may explain this observation[12,13].

High rate of mortality is not directly related to 
DGP however, quality of life seems to be impaired 
independently of several factors including age and 
type of DM[14]. In addition, poor glycemic control is 
one of the main challenges that the patients with DGP 
face during the course of the disease[15]. It has been 
found that delayed gastric emptying leads to time 
mismatch between blood glucose and insulin secretion 
jeopardizing the regulation of postprandial glycemia[16]. 
Several studies have demonstrated that patients 
with DGP experience a blunted postprandial glucose 
response and hypoglycemia which further complicates 
the management of DM in this group of patients. 
These findings highlight an important aspect about the 
interrelationship between gastric emptying and pan-
creatic secretory function.

Although the prevalence of gastroparesis drama-
tically increased among DM patients with consequent 
adverse effects on glycemic control, the exact patho-
physiology of DGP is yet to be determined. Multiple 
gastrointestinal (GI) hormonal mechanisms, autonomic 
neuropathy with loss of the ICCs as well as myopathy, 
have been proposed[17]. The role of the ICCs and 
myopathy is beyond the scope of the present review 
and other investigators including Bashashati’s group 
have comprehensively reviewed the involvement of 
Cajal-opathy in gastroparesis[18].

We believe that identification of the exact patho-
physiological processes that are involved in DGP is a 
crucial step towards development of potential targets 
for management of DGP. The hormonal coupled 
mechanisms of gastric emptying and pancreatic 
secretory function may be an important element that 
requires further characterization.

The focus of this review is to discuss the extrinsic 
neural pathways and the neurohormonal mechanisms 
that regulate both gastric emptying and pancreatic 
secretory function and the interrelationship between 
these two elements. In addition, the review sheds 
light on how the dysfunction of these processes may 
contribute to development of DGP.

PHASES OF THE DIGESTIVE PROCESS 
AND PANCREATIC SECRETION
Digestion is an essential homeostatic process that is 
involved in maintenance of homeostasis and general 
health. It is a complex phenomenon, consists of multiple 
phases that eventually lead to absorption, assimilation 
and uptake of nutrients. Digestion starts with the 
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smell or the taste of food and this sensory information 
is conveyed to the central nervous system (CNS) via 
trigeminal, facial, glossopharyngeal and vagal afferents 
which innervate different parts of the digestive tract 
including the tongue, pharynx, esophagus, stomach, 
intestine and pancreas[19]. The majority of vagal 
afferents terminate in the nucleus of the solitary tract 
(NTS) for sensory signals integration. Subsequently, 
this information is conveyed to motor neurons such as 
those in the dorsal motor nucleus of the vagus (DMV) 
which then transforms the information into motor 
output. The vagal efferent fibres which originate in the 
DMV, in turn, control subsequent phases of digestion 
including the cephalic, gastric and intestinal components 
of pancreatic secretion (PS)[19,20]. It is noteworthy that 
the phases of PS strongly correlated with the phases 
of digestion highlighting the importance of the former 
in the digestive process. During the cephalic phase 
of digestion, the pancreatic exocrine acinar cells are 
stimulated by a vagal mechanism to secrete digestive 
enzymes. However, the latter remain inactive due 
to the low pH environment and inadequate levels of 
bicarbonate. This phase followed by the gastric phases 
that include an increase in the number of digestive 
zymogens that release the active digestive enzymes 
when pH rises after bicarbonate secretion. Gastric 
emptying of stomach contents into the small intestine 
is described as the intestinal phase and represents the 
final phase of PS and is controlled mainly by vagovagal 
pathways and GI hormones such as cholecystokinin 
(CCK) and secretin[19,21]. It is noteworthy that gastric 
emptying is strongly coupled to the neurohormonal 
mechanisms that control PS. Interestingly, most of 
the GI hormones and agents that control PS are also 
involved in regulation of gastric emptying. 

As early as 1642, the pancreatic ducts were 
identified by Virsung and in the same century the 
first collection of PS via a pancreatic fistula was made 
by Regner de Graaf[22]. However, it took more than 
two centuries to appreciate the significance of PS 
in digestion[22]. Later, Pavlov highlighted the role of 
the CNS in control of PS[23]. Subsequent discovery of 
various GI hormones and peptides such as secretin, 
modified Pavlov’s theory[24,25]. However, it was not 
until the late 1970s that there was a renewed focus 
on the relationship between the CNS and PS[26-28]. The 
results of these investigations showed for the first 
time the importance of vagovagal reflexes and PS as 
common factors in controlling different GI functions 
including gastric emptying. Since then several lines of 
evidence have implicated various interacting factors 
including hormones, paracrine mediators and vagovagal 
reflexes in regulation of gastric emptying[29]. The 
latter represents one of the significant determinants 
of postprandial glycemia in health and in glycemic 
disorders including DM. Therefore, delayed gastric 
emptying (gastroparesis) that is associated with DM 
affects several aspects of glycemic control in patients 
with DM. 

GASTRIC EMPTYING AND PANCREATIC 
SECRETION: MULTIFACTORIAL 
PHYSIOLOGICAL PROCESSES
Gastric emptying defined as the process of ejecting 
the stomach’s content (chyme) into the duodenum. 
The rate of gastric emptying is dependent on several 
physiological factors including fundal relaxation, pyloric 
control of flow into the duodenum and antro-duodenal 
coupling. In addition, the physical nature and the 
composition of the chyme are important determinants 
of the rate of gastric emptying[30].

This process is precisely tuned to react to various 
intrinsic and extrinsic signals and therefore it is not 
surprising that highly complex systems are involved 
in the regulation of gastric emptying. This includes (1) 
intrinsic neural plexuses (2) extrinsic autonomic factors 
and (3) neurohormonal mechanisms[30]. Although, 
it seems that intrinsic neural pathways have some 
degree of independence in regulating GI functions, 
the extrinsic control of the parasympathetic and 
sympathetic pathways are still the predominant players 
that modulate various gastric processes along with 
the output of the intrinsic plexuses[31]. In particular, 
regulation of gastric motility is largely dependent on 
excitatory (cholinergic) inputs and inhibitory (nitrergic) 
inputs[17]. In addition, ICCs are also involved to some 
extent in electrical control of gastric motility. Given the 
PS has two main types: (1) Exocrine secretion and (2) 
endocrine secretion, it is considered to be one of the 
main factors that regulates both digestive and metabolic 
processes. 

Hormonal regulation of PS was demonstrated as 
early as 1902 when the first hormone, secretin, was 
discovered by Bayliss and Starling[24]. Strong evidence 
has shown that the shortest circulation times for 
maximal doses of GI hormones are significantly longer 
than the observed latency of pancreatic responses to 
nutrient stimuli[27]. Moreover, this latency increased 
10-fold when neuronal influences were excluded, 
supporting the theory of neurohormonal regulation 
of PS (for review see Niebergall-Roth[29]). This theory 
proposes that hormonal and neural factors, which were 
previously thought to act separately, act together to 
regulate PS. Although both divisions of the autonomic 
nervous system; the parasympathetic nervous system 
(PNS) and sympathetic nervous system (SNS), are 
known to innervate pancreatic exocrine and endocrine 
tissues, the parasympathetic (vagal) pathways have 
the greatest influence on PS[32]. While not wishing to 
diminish the important role of the SNS, which is mainly 
concerned with GI smooth muscle function, blood 
flow, and mucosal secretion, the PNS is the principal 
regulator of gastric emptying and secretion. Therefore, 
dysfunction of the latter is always associated with 
disruption of the parasympathetic pathways[33].

To understand the potential pathophysiological 
mechanisms that underpin the delayed gastric emptying 
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These reflexes seem mediated by GI hormones such 
as secretin, serotonin (5-hydroxytryptamine, 5-HT), 
glucagon-like peptide-1 (GLP-1) and CCK[37-40].

The first component: Vagal afferent pathways
The vagal afferents respond to different components 
of the chyme including nutrients, osmotic pressure 
and chemicals[41]. Therefore, the vagal innervation 
plays a major role in monitoring and regulating the 
gastric emptying process. On the other hand, the 
vagal innervation controls PS by responding to various 
pancreatic secretagogues, such as CCK and 5-HT 
that are secreted from the intestinal enteroendocrine 
and enterochromaffin cells, respectively. It is well-
documented that these agents provoke excitatory 
influences on PS via vagal mechanisms[42]. Thus, 
it is reasonable to postulate that GI hormones 
mediate their actions on gastric emptying and PS via 
activation of gastric and pancreatic vagal afferents, 
respectively[38,40,43,44]. It is noteworthy that a wide range 
of GI hormones are engaged in the dual control of PS 
and gastric emptying however, CCK and 5-HT represent 
an important classic neurohormonal examples that have 
been studied extensively.

In addition, it is evident that CCK and 5-HT mediate 
their physiological effects on gastric and pancreatic 
vagal afferents via activation of CCK and 5-HT 
receptors, respectively. These findings are in good 
agreement with previous reports which have shown 
that under physiological conditions CCK1 and 5-HT3 
receptors on the vagus nerve are the main players in 
the regulation of PS and gastric emptying[39,45].

The second component: Central nuclei-NTS and DMV
All GI vagal afferents terminate in and activate NTS 
neurons mainly via glutamatergic transmission[46-49]. NTS 
neurons, in turn, integrate and assimilate this sensory 
information and eventually influence DMV neurons 
mainly via GABAergic transmission although blockade 
of GABAA receptors indirectly enhances glutamatergic 
transmission[34,50]. A large body of evidence supports 
a role for GABAergic inputs from the NTS to the DMV 
in the regulation of the vagal efferent output from the 
DMV to the GI tract. DMV neurons are the main source 
of vagal motor output to various GI organs including the 
pancreas and the stomach[49-53]. 

The hypothesis that GABA receptors in the DMV are 
involved in modulation of PS was tested. Mussa et al[42]. 
have shown that blockade of GABAA receptors using 
bilateral microinjection of Bicuculline methionine (GABAA 
receptor blocker) into the DMV produced pronounced 
excitatory effects on both pancreatic exocrine secretion 
and glucose-induced insulin secretion[53,54]. Interestingly, 
the excitatory effects of chemical activation of the DMV 
were sensitive to muscarinic acetylcholine receptor 
blockade, confirming the involvement of a peripheral 
cholinergic pathway. These findings support the hypo-
thesis that pancreatic secretagogues activate pancrea-

noted in DGP, it is very important to identify and 
characterize these mechanisms. The following sections 
discuss these systems in detail and highlight the 
relationship between gastric emptying and pancreatic 
secretory function in each process.

Extrinsic control of gastric emptying and pancreatic 
secretion
The involvement of the vago-vagal pathways and 
reflexes in control of gastric emptying and pancreatic 
secretory function is well-documented[33-36]. It facilitates 
the complex processes that are associated with gastric 
emptying and also explains the interrelationship 
between gastric emptying and pancreatic secretory 
function.

The vago-vagal model consists of three major 
components (1) vagal afferents, (2) central neurons in 
the NTS and the DMV and (3) vagal efferents (Figure 1). 

Vagal 
afferents

DMVNTS

HN

AP
DMV NTS

HN

Medulla oblongata

Nodose ganglion

Pancreas

Stomach

Vagal 
efferents

+

-

+

-

Figure 1  Vasovagal model and the dual, excitatory and inhibitory, 
pathways from the dorsal motor nucleus of the vagus to the pancreas and 
stomach. AP: Area postrema; DMV: Dorsal motor nucleus of the vagus; NTS: 
Nucleus of solitary tract.
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tic vagal afferent input into the NTS, which in turn, 
stimulates cholinergic efferent output from the DMV 
possibly via inhibition of GABAergic transmission. The 
excitatory effects of GABAA receptor blockade in the 
DMV on glucose-induced insulin secretion are enhanced 
in the presence of the nitric oxide (NO) synthase 
inhibitor L-NAME. This suggests that a nitrergic inhibitory 
pathway is involved in pancreatic insulin secretion[54,55].

Similarly, a considerable number of studies have 
shown that blockade of GABA receptors within the 
DMV has a profound effect on gastric emptying. 
Stimulation of the DMV by GABAA receptor blockade led 
to a significant increase in gastric motility suggesting 
that GABAergic transmission in the DMV is involved in 
control of gastric emptying. Therefore, gastric emptying 
is very sensitive to any sort of disruption of GABAergic 
transmission to the GI tract[56,57].

The third component: Vagal efferent pathways
Functional studies in vivo have emphasized the 
relationship between the DMV and the pancreas by 
showing that electrical and chemical stimulation of 
dorsal vagal motor neurons activates both pancreatic 
endocrine and exocrine secretion[53,58,59]. In addition, 
several in vitro studies have documented that all vagal 
efferents that project to the pancreas originate from the 
DMV[52,60,61]. However, major questions regarding the 
exact details of these pathways remain to be elucidated. 
Nevertheless, the electrophysiological and morphological 
characteristics of DMV pancreatic preganglionic 
neurons (PPNs) using whole cell patch clamp recording 
techniques have been described[62]. There were 
identifiable differences between the gastric and other 
preganglionic neurons and heterogeneity of the PPNs 
confirmed by this and other studies. This supports 
the finding that PS regulated by heterogeneous vagal 
efferent output from the DMV.

As mentioned previously, CCK and 5-HT are powerful 
stimulatory agents of the pancreatic secretion therefore 
their effects on DMV PPNs have been investigated[63]. 
The results of this investigation has shown that all DMV 
preganglionic neurons, the origin of the pancreatic 
vagal efferent, were activated in response to stimulation 
of the pancreatic branch of the vagus nerve and had 
axonal conduction velocities in the C-fibre range. This is 
not surprising since most of the subdiaphragmatic vagal 
efferents are of C-fibre type[64]. However, stimulation 
of peripheral CCK1 and 5-HT3 receptors produced 
differential effects on the firing rates of these neurons. 
The majority of the preganglionic neurons within the 
intermediate DMV inhibited whereas the pregang-
lionic neurons within the caudal and rostral DMV 
were activated or insensitive, respectively. This lends 
strong support to previous findings that emphasized 
heterogeneity of DMV PPNs. However, these results cast 
doubt on the hypothesis that pancreatic secretagogues, 
which known for their excitatory effects on pancreatic 
vagal afferents, would also activate the majority of DMV 

PPNs. Another possibility is that an inhibitory pathway 
is involved in modulation of the motor output from the 
DMV to the pancreas. This suggestion is supported 
further by the observation that nitrergic inhibitory inputs 
were actively involved in the regulation of pancreatic 
secretory function (Figure 1).

Interestingly, previous reports have shown that 
some gastric functions including gastric emptying are 
also under the control of both excitatory and inhibitory 
motor inputs from the DMV[65]. It has been found that, 
reflex-induced fundus relaxation is mainly controlled 
by the inhibitory pathways that originate in the 
DMV[66]. Studies in cats and rats have demonstrated 
that different regions within the DMV are involved in 
regulating gastric emptying. 

The inhibitory pathway consists of cholinergic and 
nitrergic preganglionic neurons, and noncholinergic 
and nonadrenergic postganglionic neurons[65]. Given 
that postganglionic nitrergic nerves are involved in 
innervation of the stomach and the pancreas, it is 
possible that these nerves somehow inhibit the release 
of acetylcholine (Ach). This does not exclude the 
possibility that nitrergic nerves are tonically involved in 
control of gastric and pancreatic functions[67].

Neurohormonal control of gastric emptying and 
pancreatic secretory function
One of the most significant responses of the duodenum 
to gastric emptying is the release of several GI 
hormones and interestingly, this response depends 
on the composition of the chyme. For instance, CCK 
is released from the duodenum in response to the 
presence of nutrients, particularly fat and proteins. 
The role of neurohormonal mechanisms in regulation 
of gastric emptying and pancreatic secretion is well 
documented. Therefore, it has been hypothesized 
that dysfunction of these mechanisms is closely 
related to abnormally delayed gastric emptying. The 
holistic contribution of the GI hormones in regulation 
of the gastric emptying been emphasized by various 
findings. Importantly, it has been demonstrated that 
hypersensitivity to, and hypersecretion of, GI hormones 
were common features of the delayed gastric emptying 
that is associated with different metabolic disorders[68,69].

It is important to note that almost all the GI 
hormones that are released from the intestine in res-
ponse to gastric emptying activate a feedback loop 
to control gastric emptying and simultaneously in-
fluence pancreatic secretory function. These findings 
highlight a critical interrelationship between gastric 
emptying and pancreatic secretory function that mainly 
controlled by neurohormonal processes. There are 
many GI hormones that are involved in regulation 
of gastric motility and pancreatic secretion including 
motilin, somatostatin, xenin, orexin A and B, ghrelin, 
gastrin, CCK, leptin, enterostatin, peptide YY (PYY), 
apolipoprotein A-Ⅳ, glucagon-like peptide-1 (GLP-1), 
glucagon-like peptide-2 (GLP-2), glucose-dependent 
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insulinotropic polypeptide (GIP), pancreatic polypeptide, 
oxyntomodulin and amylin[69]. Taking into account all 
the studies that have discussed the neurohormonal 
involvement of CCK, 5-HT and GLP-1 in the GI activities, 
the present review focuses on the dual functions of 
CCK, 5-HT and GLP-1 in regulation of gastric emptying 
and pancreatic secretion. 

CCK: A principal regulator of gastric emptying and 
pancreatic secretion
Under normal physiological conditions, CCK inhibits 
gastric emptying, stimulates the secretion of the 
digestive enzymes from the pancreas and bile from 
the gallbladder and regulates intestinal motility. These 
actions allow a slow delivery of food into the small 
intestine and provide enough time for the digestion 
and absorption of nutrients that have already been in 
the duodenum[70]. It has been known for more than 40 
years that CCK inhibits gastric emptying via two main 
mechanisms; relaxation of the proximal stomach and 
contraction of the pyloric sphincter. 

It is believed that CCK acts directly on pancreatic 
tissue to mediate PS in rodents. High and low affinity 
CCK receptors were detected in pancreatic acini and 
they possess high sensitivity to low levels of CCK[71]. 
In addition, the correlation between the increased CCK 
plasma levels after food ingestion and the elevation 
in PS well documented. In vitro studies support the 
hypothesis that CCK acts as a circulating hormone 
to stimulate PS by showing that activation of CCK1 

receptors on rat pancreatic cells by CCK elevates 
intracellular Ca2+ levels and subsequently PS. In 
addition, it has been shown that blockade of muscarinic 
receptors did not produce a significant change in 
pancreatic responses to CCK whereas CCK receptor 
antagonists were able to block the excitatory effects 
of CCK on PS[19]. The excitatory effects of CCK on 
pancreatic endocrine secretion were also reported in 
rats and dogs. Glucose-induced insulin secretion was 
enhanced in a dose-dependent manner after infusion of 
caerulein, a CCK analogue, in perfused rat pancreas[72]. 
In addition, it has been demonstrated that in perfused 
dog pancreas, pancreatic α-, β-, δ-cell secretion was 
stimulated in a dose-dependent fashion in response to 
CCK[73].

Previously, it was thought that CCK receptors in 
the human pancreas were undetectable or absent 
and thus the possibility of a direct action of CCK on 
the pancreas to mediate PS in human was excluded. 
However, Murphy and his group have demonstrated the 
presence of CCK receptors within the human exocrine 
pancreas[74]. 

Serotonin: A modulator of GI motility and secretory 
functions
5-HT is a potent activator of vagal afferent fibres 
that innervate the stomach and proximal intestine of 
different species and it has several types and subtypes 

of receptors. The 5-HT1A receptor subtype has been 
detected in pancreatic neurons and 5-HT3 receptor is 
abundant on sensory vagal afferents[75-77].

It is well documented that 5-HT is directly and 
indirectly involved in regulation of intestinal and gastric 
motility. It has been demonstrated that under normal 
physiological conditions, 5-HT reduces the rate of the 
gastric emptying and stimulates intestinal motility[78-80].

Fibres containing 5-HT were also found in different 
parts of the pancreas including the wall of the 
pancreatic blood vessels, ducts, acini and islets and 
thus 5-HT is one of the main factors that are involved 
in regulation of PS[81]. Studies in rats have shown 
that 5-HT2 and 5-HT3 receptor antagonists were able 
to inhibit approximately 94% of PS that was evoked 
by intragastric administration of rodent chow[39]. It 
has been found that luminal and mechanical factors 
stimulate PS via activation of 5-HT2 and 5-HT3 receptors 
which are present in intestinal vagal afferents. In 
addition, electrophysiological studies have shown that 
endogenously released and intraluminally perfused 
5-HT activated vagal afferent neurons within the nodose 
ganglion. On the other hand, 5-HT is considered as 
one of the key factors that regulates food intake and 
mediates satiety due to its wide distribution within the 
GI tract[82].

Glucagon-like peptide-1: A unique pancreatic 
secretagogue and inhibitor of gastric emptying
GLP-1-(7-36) and GLP-1-(7-37) amides are signaling 
peptides that are produced in the enteroendocrine 
L-cells of the intestinal mucosa and released post-
prandially in response to luminal nutrients including 
fat and carbohydrates[83,84]. It stimulates and inhibits 
insulin and glucagon, respectively, in a glucose-
independent manner[83,85-87]. Interesting findings have 
demonstrated the involvement of TRPV2 ion channel in 
Lysophosphatidylinositol-induced GLP-1 secretion from 
enteroendocrine L cells[88]. 

Several studies have demonstrated the presence 
of GLP-1 receptors in various tissues including the 
pancreas, GIT and the brain[89,90]. The unique and 
powerful stimulatory effects of GLP-1 on insulin 
secretion in response to postprandial hyperglycemia 
have well documented using GLP-1 receptor agonists 
and antagonists. Interestingly, the application of the 
latter was sufficient to block insulin secretion in response 
to orally- and intraduodenally administered glucose[91,92]. 
In addition to the potent insulinotropic effects of GLP-1, 
a deceleration of gastric emptying was observed in 
response to GLP-1 administration. This observation 
was documented in healthy and Type 2 DM subjects 
supporting the fact that GLP-1 possesses an inhibitory 
influence in gastric emptying under physiological 
conditions[93,94]. Furthermore, additional experiments 
have shown that diversion of the duodenal delivery of 
nutrients affected the synergistic effects of GLP-1 on 
insulin secretion[95,96]. This finding not only emphasized 
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the importance of the dual effects of GI hormones in 
gastric emptying and pancreatic secretion, but also 
sheds light on the involvement of neurohormonal 
factors in control of postprandial glycemia.

POSTPRANDIAL GLYCAEMIA: A CHECK 
POINT FOR THE INTEGRITY OF GASTRIC 
EMPTYING 
The influence of gastric emptying on postprandial 
glycemia is evident and it is not surprising that the 
coupled mechanisms that are involved in regulation of 
gastric emptying also control postprandial glycemia[97-99]. 
The latter emphasizes the link between the digestive 
processes and pancreatic secretory function. The 
composition and rate of chyme emptying into the 
intestine precisely monitored and determined the 
feedback systems that control postprandial glycemia 
and pancreatic secretory functions. Interestingly, most 
of the neurohormonal processes that inhibit or decrease 
the rate of the gastric emptying simultaneously increase 
insulin secretion.

The initial involvement of gastric emptying in 
modulating postprandial glycemia started prior to the 
digestive process. This hypothesis is supported by the 
fact that the composition of each meal determines 
the rate of gastric emptying for that specific meal. 
High glucose content in a meal or infusion of glucose 
into the duodenum inhibits gastric emptying in a 
dose- dependent fashion[100]. The second important 
checkpoint for control of postprandial glycemia is the 
neurohormonal mechanisms and feedback that are 
triggered as the result of the interaction between 
the nutrients and the cells of the intestine (Figure 
2). As mentioned previously, the hormones that are 
released from L and K cells of the intestine such as CCK 
and GLP-1, are able to feedback and control gastric 

emptying and at the same time modulate insulin 
secretion[101]. The integrity of these mechanisms are 
well maintained in healthy subjects and therefore any 
increase in digested glucose (hyperglycemia) stimulates 
insulin secretion and reduces glucagon levels. Similarly, 
feedback mechanisms are initiated to control the 
hormones that are involved directly in control of gastric 
emptying. A good example is ghrelin, which under 
normal physiological conditions, increases gastric 
emptying. However, during postprandial hyperglycemia, 
the secretion of this hormone is suppressed so that the 
gastric emptying is inhibited[102]. 

Taking into account the significance of the 
physiological conditions that control postprandial 
glycemia, it is not surprising to know that pronounced 
hyperglycemia in both Type 1 DM and Type 2 DM 
is associated with several abnormalities in gastric 
motility including DGP[103,104]. It proposed that DGP 
also occurs in response to the high level of insulin as 
a compensatory process. However, this proposal was 
challenged by the fact that patients with Type 1 DM 
also experienced delayed gastric emptying in response 
to hyperglycemia[105,106]. On the other hand, it was 
found that insulin-induced hypoglycemia was sufficient 
to provoke a counter-regulatory mechanism which 
involves acceleration of gastric emptying[107].

One of the key findings that emphasizes the central 
role of gastric emptying in the integrity of the response 
to postprandial glycemia, is that both healthy patients 
and patients with DM experienced an increase in almost 
all of the hormones that are insulin secretagogues in 
response to intraduodenal infusion of high loads of 
glucose[108]. 

NITRERGIC INHIBITORY PATHWAYS: 
MODULATION OF GASTRIC EMPTYING 
AND PANCREATIC SECRETION
A considerable number of studies have shown that 
NO produces inhibitory effects on insulin secretion and 
this has been demonstrated in several species[109-114]. 
The involvement of nitrergic pathways is strongly 
supported by the finding that peripheral inhibition of NO 
enhanced the excitatory effects of chemical stimulation 
of the DMV on insulin secretion[54]. In addition, a 
significant glucose uptake was reported as result of NO 
inhibition suggesting that NO is also involved in glucose 
metabolism. 

A number of studies have documented the distri-
bution of nitrergic postganglionic neurons within the 
pancreas. NO and nitric oxide (NOS) were localized 
within the pancreatic tissue or ganglia of a wide range 
of species including human, pig, monkey, dog, cat, rat, 
chick and kitten[109-114]. In particular, it is evident that 
NOS is localized within the endocrine islets and nerves 
as well as in the pancreatic β-cell line HIT-T15 from rat 
and mouse[115-120]. Interestingly, it has been found that 
NO evoked fast excitatory postsynaptic potentials in the 

GLP
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5-HT

Pancreatic 
secretion 
control

Feedback control

Activation of hormones

Stomach
gastric emptying

Pancreas

Figure 2  Postprandial events upon gastric emptying that are involved 
in secretion of gastrointestinal hormones and coupled control of 
pancreatic secretion and gastric emptying. CCK: Cholecystokinin; 5-HT: 
5-hydroxytryptamine; GLP: Glucagon-like peptide.
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majority of neurons within the cat pancreatic ganglia 
supporting the hypothesis that postganglionic nitrergic 
neurons are modulators of pancreatic function[113]. 

Noncholinergic and nonadrenergic (NANC) neurons 
play a critical role in regulation of gastric motility, in 
particular gastric emptying, therefore any neural loss or 
dysfunction is always considered a major contributory 
factor to gastropathy[121]. Both cholinergic and nitrergic 
pathways are involved in regulation of the gastric fundic 
tone and imbalance between these two factors lead to 
dysfunction in the accommodation reflex and gastric 
emptying[122,123]. This hypothesis was strengthened by 
the finding that administration of NO inhibitors such as 
L-NAME in cats produced a significant increase in the 
fundic tone and these effects were reversible in the 
presence of L-arginine[124]. Several lines of evidence in 
different species including humans have shown that NO 
is a potent inhibitory neurotransmitter that mediates 
gastric relaxation and is considered a vital part of the 
accommodation reflex. In addition, recent reports have 
shown that mechanosensitive TRPV2 ion channel is co-
expressed in nNOS-expressing inhibitory motor neurons 
in mouse stomach emphasizing the contribution of 
these inhibitory neurons gastric adaptive relaxation and 
gastric emptying in mice[125].

It is well documented that the effects of nitrergic 
inputs are mediated via a vagovagal reflex and NANC 
pathways[126]. This was strongly supported by several 
findings, which demonstrated that vagotomy led to 
significantly impaired accommodation and gastric 
emptying[127,128]. Vagotomy is used as a classic model to 
study the processes that are involved in delayed gastric 
emptying. However, studies in animals have shown that 
in vagotomized dogs, local gastric stimulation was able 
to improve gastric accommodation and emptying via a 
nitrergic pathway emphasizing the significance of local 
nitrergic inputs[129].

Interestingly, experiments in a diabetic gastroparesis 
model have provided evidence for loss of NOS neurons 
in this condition thus further emphasizing the key role 
of nitrergic neurons in regulating gastric emptying. 
Moreover, pharmacological studies have demonstrated 
that inhibition of NOS and knockout of NOS genes led to 
gastroparesis, gastric stasis and enlarged stomachs[130].

Taking this findings into account, we can propose 
that both pancreatic secretion and gastric emptying 
are under extrinsic and intrinsic inhibitory nitrergic 
neurotransmission.

DYSFUNCTION OF PANCREATIC 
SECRETION AND ITS ASSOCIATION 
WITH DIABETIC GASTROPARESIS
In DM, the exocrine pancreas loses its ability to secrete 
adequate amounts of pancreatic enzymes and to 
digest carbohydrates leading to Exocrine Pancreatic 
Insufficiency (EPI)[131,132]. It is important to emphasize 
that dysfunction of the neuronal pathways that 

innervate different organs within the GI tract produce 
negative impact on the interrelated functions of these 
organs. Normal gastric emptying is one of the critical 
determinants of the subsequent exocrine pancreatic 
secretion. It is not surprising to know that insufficiency 
of the exocrine pancreatic secretion is very prevalent in 
DM and strongly associated with DGP. Although it has 
been a long-standing debate that EPI is a cause or a 
sequel to DM, several studies have demonstrated that 
EPI is a complication of DM[132]. The exocrine pancreas 
is normally exposed to high concentrations of islet 
hormones since the blood flow from the endocrine 
pancreas pass through the exocrine pancreas in a very 
extensive manner and therefore, any changes in the 
levels of the endocrine hormones, including insulin, will 
affect the exocrine pancreatic secretory function[133]. 
It is well documented that insulin is a strong trophic 
factor for the exocrine pancreatic tissue and increases 
pancreatic enzyme output and this may partially explain 
the dysfunction of exocrine pancreas in DM[132,134]. 
However, given the fact that a considerable number of 
patients with Type 1 DM who experience a total loss of 
insulin still have normal exocrine pancreatic function, it 
remains unclear as to which factors are most important 
in development of EPI[132]. Autonomic neuropathy, on 
the other hand, may explain the etiology of diabetic 
EPI and its association with gastroparesis. Malfunction 
of the autonomic nervous system is one of the 
common complications, which can occur at any time 
during at the DM course. It affects several functions 
of the body including gastric emptying and pancreatic 
secretory function[133]. Since intact vagovagal reflexes 
and hormonal secretion play an important role in the 
regulation of these two digestive processes, interruption 
of this neurohormonal model interferes with the gastric 
emptying into the duodenum and, in turn, the feedback 
control of exocrine pancreatic secretion[135].

Chronic pancreatitis is another important progressive 
fibro-inflammatory disorder of the pancreas, which 
affects the digestive processes significantly and is 
associated with poor prognosis. The most common 
symptoms of this disorder include malabsorption, malnu-
trition, and abdominal pain[136]. Delayed gastric emp-
tying is one of the hallmark features of pancreatitis and 
it has founded that the prevalence of gastroparesis in 
chronic pancreatitis is considerably high. Although the 
associative pathogenesis of the latter remains poorly 
understood, there are two main proposed etiological 
mechanisms[135]. The first mechanism involves increased 
levels of CCK that are a well-documented feature of 
chronic pancreatitis. Previous studies have shown that 
infusion of postprandial concentrations of CCK produced 
a marked delay in gastric emptying[137]. In addition, 
the involvement of CCK as contributory factor further 
supported by animal studies. It was found that the CCK 
failed to inhibit gastric emptying in CCKA receptor gene 
knockout rat model suggesting that the action of CCK 
in gastric emptying is mediated via CCKA receptors[138]. 
The second mechanism is autonomic neuropathy that 
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has received much attention due to the fact it explains 
the pathological background of severe abdominal pain. 
This type of pain is considered as one of the most 
problematic symptoms of chronic pancreatitis[139]. The 
concept of central sensitization which revolutionized the 
classic response to nociceptive stimuli has explained 
how the intensive nerve damage that is present in the 
chronic pancreatitis increases the efficiency of synaptic 
communication leading to severe pain sensation[140]. Inte-
restingly, twenty years ago a study by Nakamura et al[141] 
has demonstrated that delayed gastric emptying that is 
associated with chronic pancreatitis is due to dysfunction 
of autonomic nerves.

Impaired awareness of hypoglycemia is another 
important aspect that highlights the interrelationship 
between the neurohormonal components and the 
postprandial glycemic control. 

Previous research has shown that hypoglycemia 
is not only associated with transient impairment of 
cognition but also with high rates of functional mortality 
and morbidity[142]. It is well documented that type 
1 DM patients experience at least two episodes of 
hypoglycemia per week and this represents a significant 
challenge in the clinical practice to achieve optimal 
therapeutic targets that involves insulin regimens[143]. 

A normal response to hypoglycemia includes 
an activation of a complex and sensitive counter-
regulatory response leads eventually to a suppression 
of endogenous insulin and an increase in glucagon 
secretion. It has been found that in DM, the pancreatic 
α-cells, which are the main source of endogenous 
glucagon, loose their ability to secrete this hormone[143]. 
The notion that the pathophysiology of DM depends on 
the sole mechanism of insulin malfunction or resistance, 
has been revolutionized by the finding that loss of the 
glucagon response is a significant feature in DM[144].

Interestingly, recent studies have demonstrated 
that diabetic patients with DGP experience episodes 
hypoglycemia more frequent. This due to several factors 
including delayed gastric emptying and subsequent slow 
absorption of food. Insulin is an important therapeutic 
agent mainly for patients with type 1 DM however, 
type 2 DM patients also use insulin to improve their 
glycemic control. Dosing and administration of insulin 
in patients with DGP is almost impossible due to the 
delayed gastric emptying and slow absorption of food. 
This, in turn, leads to frequent episodes of postprandial 
hypoglycemia. 

CONCLUSION
The dramatic increase in the prevalence of DGP has 
directed significant attention to the pathophysiology 
of DGP. In addition, the strong association between 
DGP and abnormal glycemic profile has highlighted 
the involvement of coupled mechanisms that control 
gastric emptying and endocrine and exocrine 
pancreatic secretion. Therefore, characterization of 
these mechanisms will enhance the understating of 

the etiology of DGP and in turn, this will facilitate the 
process of identifying novel therapeutic targets. The 
latter will further ease the burden of complex and 
challenging DGP management.

Under normal conditions, there is a delicate balance 
between the neurohormonal mechanisms that control 
gastric emptying and pancreatic secretion. Malfunction 
of any of these mechanisms affects the metabolic 
profile adversely and this has been strongly proven in 
DM where the delayed gastric emptying is associated 
with pancreatic secretory dysfunction.

This article has reviewed the neurohormonal-
coupled mechanisms that control gastric emptying and 
pancreatic secretory function to identify the potential 
components and pathways that are involved in DGP and 
this will stimulate the development of novel therapeutic 
approaches hopefully for this disorder.
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