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Gastric emptying and glycemic control pathways are closely interrelated processes. Gastric chyme is transferred into the duodenum
with velocities depending on its solid or liquid state, as well as on its caloric and nutritional composition. Once nutrients enter the
intestine, the secretion of incretins (hormonal products of intestinal cells) is stimulated. Among incretins, glucagon-like peptide-1
(GLP-1) has multiple glycemic-regulatory effects that include delayed gastric emptying, thus triggering a feedback loop lowering
postprandial serum glucose levels. Glycemic values also influence gastric emptying; hyperglycemia slows it down, and
hypoglycemia accelerates it, both limiting glycemic fluctuations. Disordered gastric emptying in diabetes mellitus is understood
today as a complex pathophysiological condition, with both irreversible and reversible components and high intra- and
interindividual variability of time span and clinical features. While limited delays may be useful for reducing postprandial
hyperglycemias, severely hindered gastric emptying may be associated with higher glycemic variability and worsened long-term
glycemic control. Therapeutic approaches for both gastric emptying and glycemic control include dietary modifications of meal
structure or content and drugs acting as GLP-1 receptor agonists. In the foreseeable future, we will probably witness a wider
range of dietary interventions and more incretin-based medications used for restoring both gastric emptying and glycemic levels
to nearly physiological levels.

1. Introduction

Gastric emptying and glycemic variations are interdependent
processes influenced by the incretin system, the solid or
liquid state of ingested nourishment, and the macronutrient
composition of food [1-3]. In diabetic patients, gastric
emptying may be either accelerated or delayed, with irregular
intra- and interindividual fluctuations in the rate and clinical
expression [4, 5]. Gastric emptying also interacts with overall
and postprandial glycemic control [6, 7]. Therapeutic

approaches aiming to correct both gastric emptying and var-
iations of serum glucose levels include diet changes in meal
sequence or content and incretin-based medications [8-11].

The relation between the stomach and diabetes mellitus
was alleged ever since ancient times. In the first century
AD, Aretaeus of Cappadocia, whose reputation is due to his
work related to diabetes more than any other physician in
antiquity, would say “We must, therefore, strengthen the
stomach by all means, which is the fountain of thirst” when
speaking of diabetes mellitus treatment [12]. This hypothesis
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is obviously no longer valid in the 21st century, but the close
bond between gastric emptying and glycemic control is rec-
ognized today as a reality beyond any doubt. This relation-
ship is bidirectional; on the one hand, gastric emptying is
influenced by glycemic control (as hyperglycemic values slow
it down and hypoglycemia accelerates it), while on the other
hand, gastric emptying may influence glycemic values,
particularly postprandial ones [13, 14].

This review focuses on the current knowledge of the
influences gastric emptying and glycemic fluctuations
exert upon each other. The paper outlines the physiology
and assessment of gastric emptying, diabetes-induced dis-
orders of this relationship, but also the influence of nutri-
ents and GLP-1 receptor agonists on gastric emptying and
glycemic control.

2. Physiologic Control of Gastric Emptying

When foods enter the stomach, the proximal gastric region
initially relaxes in order to “accommodate” the ingested
nourishments. They subsequently reach the distal areas of
the stomach and, by means of antral contractions, are ground
and mixed with the gastric hydrochloric acid secretion. Gas-
tric chyme (Greek: khymos = juice), a semifluid mass, is thus
formed. When the resulting particles are less than 1-2 mm
in diameter, they go through the pylorus into the duodenum.
Their transit is backed by antral contractions and relaxation
of the pyloric sphincter. In normal conditions, the rate of gas-
tric emptying may vary between 1 to 4 kcal/min [1], depend-
ing on the composition of gastric content (solids or liquids)
and the macronutrient type [2]. As a result of their high calo-
ric content, lipids are evacuated more slowly from the stom-
ach than carbohydrates or proteins [15]. Digestion of solids
begins after feeding with a lag time of 20 to 40 minutes,
required for their grounding into 1-2 mm diameter particles,
and then, a quasilinear gastric emptying begins. Therefore,
their evacuation from the stomach begins approximately 40
minutes after food intake and may last for a few hours. Evac-
uation of liquids is immediate (without any lag phase) and
usually monoexponential. The more nutritionally dense the
liquids are, the slower the gastric emptying becomes [3]. In
fact, caloric content of foods may exert a greater influence
on gastric emptying than previously thought. Some recent
results suggest not only liquids of equal energetic densities
are evacuated from the stomach with similar speeds, but
meals with the same caloric content given with equal amounts
of water have nearly identical gastric emptying curves, no
matter if their initial form was solid or liquid [16-18].
Nearly thirty years ago, Malbert and Ruckebusch
described an intermittent transpyloric flux, with antral con-
tractions and pyloric relaxation turning up at approximately
20-second intervals, while duodenal flux was continuous and
uniform [19]. At that moment, the mechanical function of
the duodenal bulb was thought to be the only factor to
transform this flux from intermittent to continuous. The
mechanism is in fact far more complex. When nutrients
reach the intestine, they become a signal stimulating the
blood release of intestinal hormones known as the incretin
system. K cells from the upper intestine (duodenum)
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secrete glucose-dependent insulinotropic peptide (GIP); in
the distal segment of the intestine, L cells secrete gluca-
gon-like peptide-1 (GLP-1). Both GLP-1 and GIP have
glucose-dependent insulin secretion effects; GLP-1 inhibits
glucagon secretion, and GIP exerts glucagonotropic actions
[3, 20-22]. While it was demonstrated that GIP has no
effect on gastric emptying, GLP-1 induces an inhibitory
feedback effect, delaying gastric emptying [22]. Recent data
also suggest a relation between glycemic values and stom-
ach emptying [13, 23]. High velocity gastric emptying
allows nutrients to reach the intestine more rapidly, thus
increasing postprandial glycemia; on the other hand,
hyperglycemia delays stomach emptying, so the nutrients
are propelled more slowly for absorption at the intestinal
level [14]. Hypoglycemia induces reverse effects, by accel-
erating gastric emptying and increasing the nutrient
absorption speed, thus allowing for a more prompt correc-
tion of glycemic levels [1]. The ability to increase gastric
emptying was found to persist in healthy individuals even
after repeated hypoglycemic episodes [24]. This is in con-
trast to other hypoglycemia-induced reactions, such as the
clinical signs induced by adrenergic response, which are
subdued by impaired hormonal counterregulation and
tend to fade out during recurrent hypoglycemias.

3. Assessment of Gastric Emptying

The first measurement of gastric emptying dates back to the
Middle Ages, when Frederic II Hohenstaufen, the leader of
the Holy Roman Empire, ordered two prisoners to be well
fed and then sent one of them to hunt and let the other one
rest. The two men were then executed, and gastric content
was analysed in both cases; the man who went hunting
had a full stomach, while the second man’s stomach was
empty [25]. Activity of the sympathetic nervous system
had been predominant in the man who went hunting and
had physical exercise, inducing relaxation of gastrointestinal
muscularity and sphincter contraction, while the other
showed a predominance of the parasympathetic nervous
system, with opposite effects.

At present, multiple methods of measuring gastric emp-
tying exist. As a general condition, temporary discontinua-
tion of prokinetics, anticholinergics, opiates, or any other
medication exerting an influence on gastric motility is
needed whenever possible; in order to avoid the delaying
effect of high glycemic values, some investigation protocols
require the procedures to be performed at fasting glucose
levels below 15.3 mmol/L (275 mg/dL) [26, 27]. Among these
methods, the golden standard is scintigraphy performed after
labelling solid and/or liquid food with radiotracers (techne-
tium, indium) [28]. However, standardization of the method
was only recently accomplished, with current guidelines
advising for the administration of a specified low-fat meal
(egg white from two large eggs, two slices of bread with jam
and water) labelled with **™technetium sulphur colloid and
for the measurement of gastric content after 1, 2, and 4 hours.
These technical conditions were fulfilled, and a gastric reten-
tion of more than 60% after 2 hours or 10% after 4 hours is
considered pathological [29, 30].
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Breath tests are methods seemingly as good as scintigra-
phy [31]. Food is labelled with carbon (’C); after food is
evacuated from the stomach, '>C enters the intestine, is
absorbed into bloodstream, and reaches the liver, being
transformed into '*CO,. Determination of '*CO, in exhaled
air provides indirect data on gastric emptying. This method
has the advantage of not involving radiations, thus being
allowed in children and pregnant women [31].

2D or 3D ultrasonography is a useful method, but it
requires considerable amounts of patience and experience
from the examiner [32, 33].

Another modern alternative is the use of a wireless
motility capsule, a 26 x 13 mm medical device with pressure,
temperature, and pH-measuring sensors, approved in 2006
by the Food and Drug Administration for the study of gastric
emptying when gastroparesis is suspected. A sudden increase
in pH values marks the moment when the capsule exits the
stomach and enters the duodenal region; values greater than
5 hours are considered representative for delayed gastric
emptying. The wireless motility capsule may be used in
ambulatory settings; it has the advantage of avoiding
exposure to radiations, but its use is limited in dysphagia or
possible bowel obstruction, due to its size [26]. Comparison
between gastric emptying time measured by the wireless
motility capsule and the golden standard of scintigraphy
yielded good results in healthy individuals and patients with
gastroparesis [34].

4. Causes of Gastric Emptying
Disorders in Diabetes

Disordered gastric emptying in diabetic patients must be
understood in terms of factors controlling gastrointestinal
motility. A normal evacuation of the stomach involves
coordination between contractile activities of its proximal
and distal regions, pylorus, and proximal duodenum. These
movements are controlled by the enteric and autonomic ner-
vous systems, as well as by neurohormonal pathways. The
enteric nervous system is represented by Cajal interstitial
cells, belonging to the Auerbach nerve plexus within the
muscle layer of the digestive tube. The enteric nervous system
comprises over 10® neurons, thus being considered an
authentic brain of the digestive tract; Cajal interstitial cells
operate as a pacemaker. The motor activity of the digestive
tube is modulated by the autonomic (extrinsic) nervous
system; the parasympathetic nervous system induces the
contraction of intestinal musculature and sphincter relaxa-
tion, while the sympathetic nervous system elicits opposite
actions. Among neurohormonal pathways, acetylcholine
and substance P promote muscular contraction, while nitric
oxide, carbon monoxide, and vasoactive intestinal polypep-
tide exert inhibitory actions [35, 36].

Until a few years ago, the traditional paradigm on delayed
gastric emptying in diabetic patients considered it to be
induced exclusively by vagal neuropathy and to be irrevers-
ible. Recent data suggest a much more complex process,
influenced by multiple pathophysiologic mechanisms which
are not yet completely understood; some are reversible, and
some are not [32, 37]. Loss or dysfunction of Cajal interstitial

cells plays a major pathophysiologic part in the induction of
abnormal gastric emptying under diabetic conditions.
Anomalies of enteric nerves, immune system, or nitric oxide
synthase (inducing low nitric oxide levels) and low levels of
carbon monoxide-producing heme oxygenase, which pro-
tects Cajal interstitial cells from oxidative stress, are also
involved [3, 38]. Recent experimental data attribute damage
of myenteric cholinergic neurons and interstitial cells of Cajal
to impaired signalling through the axes of insulin and
insulin-like growth factor-1 receptors [32, 39].

The term gastroparesis diabeticorum was coined by
Kassander in 1958 [40]. Recent publications shed new light
on our knowledge about this complication of diabetes melli-
tus. Delayed gastric emptying in diabetic patients may often
be merely mild or moderate, and some persons may even
exhibit accelerated propulsion of the stomach content into
the duodenum. Considering this, the term gastroparesis
should be limited to those severe clinical forms displaying
symptoms and an important delay of gastric emptying,
where food consumed many hours or days before is found
in vomit or in aspiration liquid [38]. The relationship
between the speed of gastric emptying and the symptoms
is weak, with some patients having severe symptoms but
only minor delays in stomach emptying, while others
may have a severely delayed gastric emptying and no
symptoms at all [41]. Moreover, it is commonly acknowl-
edged today that more severe delays in gastric emptying or
aggravations of symptoms may not appear even after
many years of evolution [42].

More than 20 years ago, Horowitz et al. described a
delayed gastric emptying for solids as well as liquids in
patients with diabetic gastroparesis [43]. His team reported
an increased prevalence of delayed gastric emptying in indi-
viduals with long-term type 1 or type 2 diabetes, despite sig-
nificant fluctuations in gastric emptying from one individual
to another, both in diabetic patients and in nondiabetic
control subjects [4].

Recent research brought forth a change in paradigm on
delayed gastric emptying. If this delay is limited, its effects
may even be beneficial by the protection it offers against gly-
cemic variations. This concept is not entirely new; glucose
perfusions were reported to suppress “hunger” contractions
ever since 1956 [44]. Results of scintigraphic measurements
published during the 90s showed that hyperglycemia delays
gastric emptying in patients with type 1 diabetes for both
solids and liquids [27]. In diabetic conditions, these varia-
tions act as a buffer against serum glucose fluctuations; when
glycemic values are elevated, gastric emptying is delayed in
order to avoid supplementary amounts of glucose reaching
the intestine in a short time, thus increasing glycemia even
more. On the contrary, hypoglycemia would need more glu-
cose entering the bloodstream as quickly as possible; there-
fore, a faster gastric emptying, rapidly sending glucose into
the duodenum for absorption, is beneficial for the organism.
Scintigraphic measurements also proved the validity of such
a mechanism in various clinical settings. Glycemic values of
approximately 2.8 mmol/L (50 mg/dL) increase the rate of
gastric emptying in patients with type 1 diabetes [5]. Delayed
gastric emptying was also described in individuals recently



diagnosed with type 2 diabetes and with mean HbA,_ values
of 10.5%; after 3 months of antihyperglycemic therapy,
allowing HbA, _ values to be reduced at approximately 5%,
a new scintigraphy was performed, showing an increase in
gastric emptying nearing the evacuation speed of nondiabetic
persons [45].

5. Glycemic Responses Induced by
Fluctuations of Gastric Emptying

As mentioned before, gastric emptying establishes a bidi-
rectional relationship with glycemic levels: glycemia influ-
ences gastric emptying, while the latter may also influence
the value of postprandial glycemia. Postprandial serum
levels of glucose are essential in diabetic patients. First,
postprandial hyperglycemia is associated with increased
oxidative stress and thus directly involved in the patho-
genesis of chronic micro- and macrovascular complica-
tions of diabetes mellitus [46]. Second, data published by
Monnier et al, showing postprandial hyperglycemia to
be an important constituent of glycemic control, particu-
larly in patients with only slightly increased HbA,_ values,
are seen today as undisputed common knowledge [47].
Third, lifestyle in developed industrialized countries
involves the ingestion of approximately 2500 kilocalories
per day, split in 2 or 3 daily meals. Since the rate of gas-
tric emptying is 1 to 4 kilocalories/minute, it results that
modern mankind spends almost all the time in a post-
prandial or postabsorptive state, with only 3 or 4 hours
early in the morning spent in an authentic fasting state
[38]. All these considerations highlight the importance of
postprandial hyperglycemia.

Several research teams found a direct relationship
between the rate of gastric emptying and postprandial serum
glucose levels [6, 7, 48, 49]. In patients with type 1 diabetes,
altered rates of gastric emptying may impair efforts to adjust
doses of prandial insulin according to the amounts of
ingested nutrients. The most difficult problem in patients
with type 1 diabetes is not the issue of too high or too low
speeds of gastric emptying but its unpredictability. Most
authors found that gastric emptying is increased even after
recurrent episodes of hypoglycemia, not only in healthy
individuals [24] but also in diabetic patients [50]. On the
contrary, Lysy et al. evaluated gastric emptying in insulin-
treated diabetic persons with frequent hypoglycemia and
found it to be delayed in most situations [51]; in fact, such
individuals exhibit discrepancies between the action of pran-
dial insulin and the rates of gastric emptying [52]. Moreover,
Parthasarathy et al. found delayed gastric emptying (even
though associated with lesser postprandial hyperglycemia)
to paradoxically induce a tendency towards higher glycemic
levels throughout the day at continuous glucose monitoring
measurements and therefore to favour, in time, a worsened
glycemic control [53]. Hereupon, the evaluation of diabetic
patients with frequent hypoglycemia should best include
the assessment of gastric emptying; the “gastric hypoglyce-
mia” (by delayed gastric emptying) proves to be an important
concept in the management of diabetes mellitus [53].
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6. Effects of GLP-1 on Gastric Emptying

As seen before, GLP-1 is an incretin hormone secreted by L
cells in the distal intestine and having both the roles of
increasing insulin secretion (secretagogue) and reducing glu-
cagon secretion, as well as the effect of delaying gastric emp-
tying [54-56]. When gastric emptying is fast, high amounts
of GLP-1 are synthesized and bring it back to normal by a
mechanism of inhibitory feedback. In the postprandial state,
the main effect of GLP-1 is not the stimulation of insulin
secretion but lowering of postprandial glycemia by means
of delayed gastric emptying [57]. When intravenous erythro-
mycin was used to counteract the delayed gastric emptying
induced by a GLP-1 infusion in healthy individuals after a
liquid test meal, the insulin secretory response and postpran-
dial glucose concentrations were reversed and brought close
to the levels seen during placebo administration, thus prov-
ing its main effect on gastric emptying [58].

GLP-1 effect on gastric emptying after a long-term, con-
tinuous use was proven recently to fade by a phenomenon of
tachyphylaxis. On the contrary, insulinotropic and glucago-
nostatic actions of GLP-1 are not modified even after a
long-term use. The mechanism causing the difference
between the evolution of GLP-1 effects over time is not
known [59, 60].

7. Influence of Nutrients on Gastric Emptying
and Glycemic Levels

Nutritional factors are frequently overlooked, and discussion
is often limited to other physiological or pharmacological
issues in publications analysing the correlations between gas-
tric emptying and glycemic values. However, effects exerted
by the main nutrients or other food components on both
these aspects can in fact hardly be separated from other per-
spectives, given that both gastric emptying and postprandial
glycemic values imply the coexistence of meals and therefore
nutrients. It is our team’s opinion, supported by our double
professional expertise in the fields of both clinical nutrition
and diabetes care, that a complete description of the multilat-
eral relationship existing between gastric emptying and gly-
cemic levels and regulation should always include referrals
to the influence exerted by food principles.

Adding sources rich in proteins to carbohydrate-based
meals determines a 20% to 30% reduction in postprandial
glucose levels [61]. Besides the stimulation of insulin secre-
tion (driven by direct stimulatory effects, but also indirectly,
through an increased incretin response), underlying path-
ways include delayed gastric emptying under the influence
of the same incretin hormones [62]. Whey or soy proteins
seem to give the best responses [8, 63], but favourable effects
on postprandial glycemic levels were also reported for rice,
pea, and oat proteins [64]. Giezenaar et al. found whey pro-
tein drinks to slow gastric emptying and alter insulin, gluca-
gon, GLP-1, and GIP secretions in older men and women
[65]. The structure of whey and soy proteins is rich in
branched-chain amino acids, allowing faster digestion and
absorption times, and therefore a quicker insulin release
from pancreatic beta cells [66]. Ma et al. administered



Journal of Diabetes Research

whey-based drinks to type 2 diabetes patients and proved a
reduction of 50% or 40% in postprandial blood glucose areas
under the curves if drinks were ingested 30 minutes before
meals or when meal began, respectively [67]. Jakubowicz
et al. found a 28% reduction in postprandial glycemic levels
and increased responses in insulin, C-peptide, GLP-1, and
GIP secretions when a whey preload was administered before
a high glycemic index breakfast to a group of well-controlled
type 2 diabetic patients [68].

In contrast with whole-structure proteins, intragastric
administration of isolated amino acids such as lysine, leu-
cine, or isoleucine does not seem to influence gastric emp-
tying, even though it may reduce postprandial glycemic
levels, most probably by direct stimulation of insulin
secretion [69, 70]. However, paradoxical results are also
published, leaving the debate about free amino acid effects
on gastric emptying still open [71, 72]. Other three amino
acids, histidine, glutamate, and aspartate, were reported to
increase both postprandial glycemic levels, velocity of
gastric emptying, and GLP-1 serum concentrations [71].
L-Tryptophan isomeric form was found to significantly
delay gastric emptying, even though the effect on GLP-1
secretion was minimal [72].

Classical nutrition information considers that meals
with high lipid content reduce the velocity of gastric
emptying [15]. Recent data seem to confirm this theory
by showing, for example, that high-fat meals may worsen
symptoms of diabetic gastroparesis when compared to
low-fat ones [73]. More than the absolute lipid load, the
degree of emulsification and the lipid droplet size seem
to influence gastric emptying. Tan et al. showed that fine
emulsions of olive oil in water slowed gastric emptying
more than a coarse emulsion or a nonemulsified mixture
of olive oil and water [9].

Dietary fiber-rich foods are also able to reduce postpran-
dial glycemia, with soluble fiber exerting the most pro-
nounced effect. Most common explanations usually refer to
an unmediated ability of soluble fiber to delay glucose
absorption [74]. However, Repin et al. recently found that
multiple types and doses of soluble fiber are able to induce
similar reductions in postprandial glycemia and insulinemia,
concluding that a modified meal viscosity and maybe a
slower gastric emptying are involved [75]. Steinert et al.
reported the use of oat bran mixed in water as a preload
before a white bread test meal to efficiently reduce the post-
prandial glycemic area under curve and speculated it may
be correlated to a delayed gastric emptying [76]. The com-
parison between effects induced by ingestion of proportional
amounts of porridge based on either oat flakes or oat flour
with the same protein, fat, and carbohydrate content showed
lower levels of postprandial glycemia and a slower gastric
emptying for oat flake porridge, explained by its conserved
fiber structure [77]. However, the exact magnitude and con-
ditionality of the effect fibers may exert on gastric emptying
are still debatable. Contrary to previous evidences, a small
study found that polydextrose, a low-viscosity soluble fiber,
was able to reduce energy intake and postprandial glycemic
and insulinemic responses but not to significantly modify
gastric emptying [78].

8. Effects of GLP-1 Receptor Agonists on Gastric
Emptying and Glycemic Levels

New knowledge on incretin hormones allowed the devel-
opment of new drug therapies including GLP-1 receptor
agonists. This class currently includes multiple representa-
tives, some in clinical use and others in various stages of
development [79]. GLP-1 receptor agonists are classified
based on their half-life; the short-acting agents are desig-
nated as prandial agonists (exenatide BID, lixisenatide),
while long-acting agents are considered nonprandial agonists
(exenatide QW, liraglutide). Their glycemic effects differ, as
prandial agonists mostly influence postprandial glycemia
and nonprandial agonists exert a greater effect on fasting gly-
cemia [10, 11, 80]. As nonprandial GLP-1 receptor agonists
have longer half-lives and prolonged action, the gastric emp-
tying effect is reduced by tachyphylaxis and their influence
on postprandial glycemia is thus diminished by comparison
with prandial agonists [81-84]. However, effects of short-
acting and long-acting GLP-1 receptor agonists on postpran-
dial glycemia are not always different, since semaglutide, a
longer-duration GLP-1 receptor agonist recently approved
in the United States by Food and Drug Administration,
seems able to lower postprandial glycemia and the velocity
of gastric emptying in obese subjects [85].

Novel therapeutic guidelines for type 2 diabetes recom-
mend the association of prandial GLP-1 receptor agonists
to basal insulin; benefits of such pharmacologic combina-
tions bring together the predominant effect of basal insulin
on fasting glycemia and the effect of prandial GLP-1 receptor
agonists on postprandial glycemia, based on their ability to
inhibit gastric emptying [86, 87]. This association between
basal insulin and prandial GLP-1 receptor agonists is pre-
ferred today to the classical intensification of basal insulin
therapy by adding prandial insulins, as it offers advantages
of both a lower risk for hypoglycemia and a reduced weight
gain [88, 89].

The effect of GLP-1 receptor agonists in diabetic patients
with autonomic neuropathy and delayed gastric emptying,
even though less studied, is usually feared to be deleterious
in clinical practice by inducing or aggravating digestive intol-
erance, and therefore, their administration is intuitively
avoided by most physicians in the case of patients with dia-
betic gastroparesis. However, treatment with long-acting
GLP-1 receptor agonist liraglutide was found to have minor
or no effects on gastric motility in the recent study on sub-
jects with diabetic neuropathy [84]. Beyond its usual indica-
tions in type 2 diabetes therapy, a trial also using liraglutide,
this time in type 1 diabetic patients submitted to a hypoglyce-
mic clamp, found no effect of this GLP-1 receptor agonist on
gastric emptying or on recovery from hypoglycemia. How-
ever, gastric emptying was measured in this study by the
less-used method of an absorption test of paracetamol given
within a liquid meal [90]. Nevertheless, even if no detrimen-
tal effects would occur, choosing short-acting GLP-1 receptor
agonist therapies in patients with diabetic gastroparesis
seems an illogical and useless option, since their benefits are
based on delay of gastric emptying. Patients with type 2 dia-
betes and slow gastric emptying at baseline may benefit more



from treatment with long-acting GLP-1 receptor agonists,
while in those with preserved gastric emptying, short-acting
GLP-1 receptor agonists may be preferable. Although not
yet tested, this hypothesis warrants further investigation.

9. Conclusion

Gastric emptying and glycemic control exert an ongoing
influence upon each other. Normal rates of gastric emptying,
of 1 to 4kcal/min, correspond to the best balance between
intestinal propulsion and absorption of macronutrients
(especially carbohydrates), incretin hormone secretion, and
postprandial glycemic levels. Contrary to this equilibrium
state, higher rates of gastric emptying may induce postpran-
dial hyperglycemia but also represent a compensatory mech-
anism intervening when hypoglycemia occurs, while slower
gastric emptying limits postprandial glycemic excursions or
even acts as compensator under hyperglycemic conditions.
In diabetic patients, fluctuations in gastric emptying are
induced by complex pathophysiological pathways; these fluc-
tuations may have a highly variable, unpredictable time pat-
tern and limited correlations with the severity of clinical
manifestations but strongly associate with variations in post-
prandial glycemic levels. Increased knowledge of this relation
between gastric emptying and postprandial glycemic values
allowed therapies targeting both factors to be updated,
including diets with modified content or incretin-based med-
ications. Future research and development will probably
expand the range of both types of interventions, with diets
based on reconsidered meal content or sequence and more
GLP-1 receptor agonists approved for clinical use.

Conflicts of Interest

The authors declare that there is no conflict of interest.

References

[1] C. S. Marathe, C. K. Rayner, K. L. Jones, and M. Horowitz,
“Relationships between gastric emptying, postprandial glyce-
mia, and incretin hormones,” Diabetes Care, vol. 36, no. 5,
pp. 1396-1405, 2013.

[2] J. E. Stevens, K. L. Jones, C. K. Rayner, and M. Horowitz,
“Pathophysiology and pharmacotherapy of gastroparesis: cur-
rent and future perspectives,” Expert Opinion on Pharmaco-
therapy, vol. 14, no. 9, pp. 1171-1186, 2013.

[3] L. K. Phillips, A. M. Deane, K. L. Jones, C. K. Rayner, and
M. Horowitz, “Gastric emptying and glycaemia in health and
diabetes mellitus,” Nature Reviews Endocrinology, vol. 11,
no. 2, pp. 112-128, 2015.

[4] M. Horowitz and J. Dent, “Disordered gastric emptying:
mechanical basis, assessment and treatment,” Bailliére's
Clinical Gastroenterology, vol. 5, no. 2, pp. 371-407, 1991.

[5] A.Russo, J. E. Stevens, R. Chen et al., “Insulin-induced hypo-
glycemia accelerates gastric emptying of solids and liquids in
long-standing type 1 diabetes,” The Journal of Clinical Endo-
crinology & Metabolism, vol. 90, no. 8, pp. 4489-4495, 2005.

[6] R. Hammersjo, B. Roth, P. Hoglund, and B. Ohlsson, “Esoph-
ageal and gastric dysmotilities are associated with altered

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

(21]

(22]

Journal of Diabetes Research

glucose homeostasis and plasma levels of incretins and leptin,”
The Review of Diabetic Studies, vol. 13, no. 1, pp. 79-90, 2016.
S. L. Aronoff, “Rationale for treatment options for mealtime
glucose control in patients with type 2 diabetes,” Postgraduate
Medicine, vol. 129, no. 2, pp. 231-241, 2017.

E.J. Stevenson and D. M. Allerton, “The role of whey protein
in postprandial glycaemic control,” Proceedings of the Nutri-
tion Society, vol. 77, no. 1, pp. 42-51, 2018.

K. W.J. Tan, L. J. Sun, K. K. T. Goh, and C. J. Henry, “Lipid
droplet size and emulsification on postprandial glycemia,
insulinemia and lipidemia,” Food ¢ Function, vol. 7,
no. 10, pp. 4278-4284, 2016.

D. R. Owens, L. Monnier, and M. Hanefeld, “A review of
glucagon-like peptide-1 receptor agonists and their effects on
lowering postprandial plasma glucose and cardiovascular out-
comes in the treatment of type 2 diabetes mellitus,” Diabetes,
Obesity & Metabolism, vol. 19, no. 12, pp. 1645-1654, 2017.
K. L. Tran, Y. I. Park, S. Pandya et al., “Overview of glucagon-
like peptide-1 receptor agonists for the treatment of patients
with type 2 diabetes,” American Health & Drug Benefits,
vol. 10, no. 4, pp. 178-188, 2017.

K. Lajos, M. Karamanou, Z. Saridaki, and G. Androutsos,
“Aretaeus of Cappadocia and the first description of diabetes,”
Hormones, vol. 11, no. 1, pp. 109-113, 2012.

A.E.Bharucha, Y. Kudva, A. Basu et al., “Relationship between
glycemic control and gastric emptying in poorly controlled
type 2 diabetes,” Clinical Gastroenterology and Hepatology,
vol. 13, no. 3, pp- 466-476.e1, 2015.

M. P. Plummer, K. L. Jones, C. E. Cousins et al., “Hyperglyce-
mia potentiates the slowing of gastric emptying induced by
exogenous GLP-1,” Diabetes Care, vol. 38, no. 6, pp. 1123-
1129, 2015.

K. A. Tappenden, “Intake: digestion, absorption, transport,
and excretion of nutrients,” in Krause’s Food & the Nutrition
Care Process, L. K. Mahan and J. L. Raymond, Eds., pp. 2-16,
Elsevier, St. Louis, 14th edition, 2017.

T. Okabe, H. Terashima, and A. Sakamoto, “Determinants of
liquid gastric emptying: comparisons between milk and isoca-
lorically adjusted clear fluids,” British Journal of Anaesthesia,
vol. 114, no. 1, pp. 77-82, 2015.

T. Okabe, H. Terashima, and A. Sakamoto, “What is the man-
ner of gastric emptying after ingestion of liquids with differ-
ences in the volume under uniform glucose-based energy
content?,” Clinical Nutrition, vol. 36, no. 5, pp. 1283-1287,
2017.

T. Okabe, H. Terashima, and A. Sakamoto, “A comparison of
gastric emptying of soluble solid meals and clear fluids
matched for volume and energy content: a pilot crossover
study,” Anaesthesia, vol. 72, no. 11, pp. 1344-1350, 2017.

C. H. Malbert and Y. Ruckebusch, “Duodenal bulb control of
the flow rate of digesta in the fasted and fed dog,” The Journal
of Physiology, vol. 409, no. 1, pp. 371-384, 1989.

H. M. Tasyurek, H. A. Altunbas, M. K. Balci, and S. Sanlioglu,
“Incretins: their physiology and application in the treatment of
diabetes mellitus,” Diabetes/ Metabolism Research and Reviews,
vol. 30, no. 5, pp. 354-371, 2014.

J. Tong and D. D'Alessio, “Give the receptor a brake: slowing
gastric emptying by GLP-1,” Diabetes, vol. 63, no. 2, pp. 407-
409, 2014.

T. Edholm, M. Degerblad, P. Grybiack et al., “Differential incre-
tin effects of GIP and GLP-1 on gastric emptying, appetite, and



Journal of Diabetes Research

(23]

[24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

insulin-glucose homeostasis,” Neurogastroenterology and
Motility, vol. 22, no. 11, pp. 1191-e315, 2010.

T. Wu, C. K. Rayner, and M. Horowitz, “Inter-regulation of
gastric emptying and incretin hormone secretion: implications
for postprandial glycemic control,” Biomarkers in Medicine,
vol. 10, no. 11, pp. 1167-1179, 2016.

P.Kar, K. L. Jones, M. P. Plummer et al., “Antecedent hypogly-
cemia does not attenuate the acceleration of gastric emptying
by hypoglycemia,” The Journal of Clinical Endocrinology and
Metabolism, vol. 102, no. 11, pp. 3953-3960, 2017.

S. F. A. Caputo, “The Court of Frederick IT Hohenstaufen,”
2013, November 10, http://www.nobility-association.com/
PDF%20Files/2%20TEST%20%20THE%20COURT%200F%
20%20FREDERICK %2011%20HOHENSTAUFEN%20BOOK-
L.pdf.

A. A. Lee and W. L. Hasler, “Diabetes and the stomach,” Cur-
rent Treatment Options in Gastroenterology, vol. 15, no. 4,
pp. 441-459, 2017.

R. J. Fraser, M. Horowitz, A. F. Maddox, P. E. Harding, B. E.
Chatterton, and J. Dent, “Hyperglycaemia slows gastric empty-
ing in type 1 (insulin-dependent) diabetes mellitus,” Diabeto-
logia, vol. 33, no. 11, pp. 675-680, 1990.

A. H. Maurer, “Gastrointestinal motility, part 1: esophageal
transit and gastric emptying,” Journal of Nuclear Medicine
Technology, vol. 44, no. 1, pp. 1-11, 2016.

T. L. Abell, M. Camilleri, K. Donohoe et al., “Consensus rec-
ommendations for gastric emptying scintigraphy: a joint
report of the American Neurogastroenterology and Motility
Society and the Society of Nuclear Medicine,” Journal of
Nuclear Medicine Technology, vol. 36, no. 1, pp. 44-54, 2008.
G. Tougas, E. Y. Eaker, T. L. Abell et al., “Assessment of gastric
emptying using a low fat meal: establishment of international
control values,” The American Journal of Gastroenterology,
vol. 95, no. 6, pp. 1456-1462, 2000.

L. Siddiqui, S. Ahmed, and S. Abid, “Update on diagnostic
value of breath test in gastrointestinal and liver diseases,”
World Journal of Gastrointestinal Pathophysiology, vol. 7,
no. 3, pp. 256-265, 2016.

L. K. Phillips, C. K. Rayner, K. L. Jones, and M. Horowitz,
“Measurement of gastric emptying in diabetes,” Journal of
Diabetes and its Complications, vol. 28, no. 6, pp. 894-903,
2014.

C. Muresan, T. Surdea Blaga, L. Muresan, and D. L.
Dumitrascu, “Abdominal ultrasound for the evaluation of
gastric emptying revisited,” Journal of Gastrointestinal and
Liver Diseases, vol. 24, no. 3, pp. 329-338, 2015.

R. J. Saad and W. L. Hasler, “A technical review and clinical
assessment of the wireless motility capsule,” Gastroenterology
& Hepatology, vol. 7, no. 12, pp. 795-804, 2011.

M. Camilleri and S. F. Phillips, “Disorders of small intestinal
motility,” Gastroenterology Clinics of North America, vol. 18,
no. 2, pp. 405-424, 1989.

Y. C. Chiu, M. C. Kuo, C. K. Rayner et al., “Decreased gastric
motility in type II diabetic patients,” BioMed Research Interna-
tional, vol. 2014, Article ID 894087, 6 pages, 2014.

M. Camilleri, “Diabetic gastroparesis,” New England Journal of
Medicine, vol. 356, no. 8, pp. 820-829, 2007.

J. Chang, C. K. Rayner, K. L. Jones, and M. Horowitz, “Diabetic
gastroparesis and its impact on glycemia,” Endocrinology and
Metabolism Clinics of North America, vol. 39, no. 4, pp. 745-
762, 2010.

(39]

(40]

[41]

(42]

(43]

(44]

[45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

S. Yang, B. Wu, H. Sun et al, “Impaired insulin/IGF-1 is
responsible for diabetic gastroparesis by damaging myenteric
cholinergic neurones and interstitial cells of Cajal,” Bioscience
Reports, vol. 37, no. 5, 2017.

P. Kassander, “Asymptomatic gastric retention in diabetics
(gastroparesis diabeticorum),” Annals of Internal Medicine,
vol. 48, no. 4, pp. 797-812, 1958.

M. Horowitz, D. O’Donovan, K. L. Jones, C. Feinle, C. K.
Rayner, and M. Samsom, “Gastric emptying in diabetes:
clinical significance and treatment,” Diabetic Medicine,
vol. 19, no. 3, pp. 177-194, 2002.

J. Chang, A. Russo, M. Bound, C. K. Rayner, K. L. Jones, and
M. Horowitz, “A 25-year longitudinal evaluation of gastric
emptying in diabetes,” Diabetes Care, vol. 35, no. 12,
pp. 2594-2596, 2012.

M. Horowitz, A. F. Maddox, J. M. Wishart, P. E. Harding, B. E.
Chatterton, and D. J. C. Shearman, “Relationships between
oesophageal transit and solid and liquid gastric emptying in
diabetes mellitus,” European Journal of Nuclear Medicine,
vol. 18, no. 4, pp- 229-234, 1991.

A. J. Stunkard, H. G. Wolff, and A. Plescia, “Studies on the
physiology of hunger. I. The effect of intravenous administra-
tion of glucose on gastric hunger contractions in man,” Journal
of Clinical Investigation, vol. 35, no. 9, pp. 954-963, 1956.

B. A. Laway, T. S. Malik, S. H. Khan, and T. A. Rather, “Prev-
alence of abnormal gastric emptying in asymptomatic women
with newly detected diabetes and its reversibility after glycemic
control-a prospective case control study,” Journal of Diabetes
and its Complications, vol. 27, no. 1, pp. 78-81, 2013.

International Diabetes Federation Guideline Development
Group, “Guideline for management of postmeal glucose in
diabetes,” Diabetes Research and Clinical Practice, vol. 103,
no. 2, pp. 256-268, 2014.

L. Monnier, H. Lapinski, and C. Colette, “Contributions of
fasting and postprandial plasma glucose increments to the
overall diurnal hyperglycemia of type 2 diabetic patients:
variations with increasing levels of HbA (1c),” Diabetes Care,
vol. 26, no. 3, pp. 881-885, 2003.

M. Horowitz, M. A. L. Edelbroek, J. M. Wishart, and J. W.
Straathof, “Relationship between oral glucose tolerance and
gastric emptying in normal healthy subjects,” Diabetologia,
vol. 36, no. 9, pp- 857-862, 1993.

K. L. Jones, M. Horowitz, B. I. Carney, J. M. Wishart, S. Guha,
and L. Green, “Gastric emptying in early noninsulin-
dependent diabetes mellitus,” Journal of Nuclear Medicine,
vol. 37, no. 10, pp. 1643-1648, 1996.

I. A. Macdonald, M. A. Nauck, and M.-F. Kong, “Impact of
gastrointestinal function on glycaemic control,” in Gastroin-
testinal Function in Diabetes Mellitus, M. Horowitz and M.
Samsom, Eds., pp. 285-321, John Wiley & Sons, Chichester,
2004.

J. Lysy, E. Israeli, N. Strauss-Liviatan, and E. Goldin, “Rela-
tionships between hypoglycaemia and gastric emptying
abnormalities in insulin-treated diabetic patients,” Neurogas-
troenterology and Motility, vol. 18, no. 6, pp. 433-440, 2006.
J. Khoo, C. K. Rayner, C. Feinle-Bisset, K. L. Jones, and
M. Horowitz, “Gastrointestinal hormonal dysfunction in gas-
troparesis and functional dyspepsia,” Neurogastroenterology
and Motility, vol. 22, no. 12, pp. 1270-1278, 2010.

G. Parthasarathy, Y. C. Kudva, P. A. Low, M. Camilleri,
A. Basu, and A. E. Bharucha, “Relationship between gastric


http://www.nobility-association.com/PDF%20Files/2%20TEST%20%20THE%20COURT%20OF%20%20FREDERICK%20II%20HOHENSTAUFEN%20BOOK-1.pdf
http://www.nobility-association.com/PDF%20Files/2%20TEST%20%20THE%20COURT%20OF%20%20FREDERICK%20II%20HOHENSTAUFEN%20BOOK-1.pdf
http://www.nobility-association.com/PDF%20Files/2%20TEST%20%20THE%20COURT%20OF%20%20FREDERICK%20II%20HOHENSTAUFEN%20BOOK-1.pdf
http://www.nobility-association.com/PDF%20Files/2%20TEST%20%20THE%20COURT%20OF%20%20FREDERICK%20II%20HOHENSTAUFEN%20BOOK-1.pdf

(54]

[55]

(56]

(57]

(58]

(59]

[60]

[61]

(62]

[63]

(64]

[65]

[66]

[67]

emptying and diurnal glycemic control in type 1 diabetes mel-
litus: a randomized trial,” The Journal of Clinical Endocrinol-
ogy & Metabolism, vol. 102, pp. jc.2016-jc.2809, 2016.

J. J. Holst, J. Pedersen, N. J. Wewer Albrechtsen, and F. K.
Knop, “The gut: a key to the pathogenesis of type 2 diabetes?,”
Metabolic Syndrome and Related Disorders, vol. 15, no. 6,
Pp. 259-262, 2017.

A. Gastaldelli, M. Gaggini, and R. DeFronzo, “Glucose kinet-
ics: an update and novel insights into its regulation by gluca-
gon and GLP-1,” Current Opinion in Clinical Nutrition and
Metabolic Care, vol. 20, no. 4, pp. 300-309, 2017.

L. G. Trahair, C. S. Marathe, S. Standfield et al., “Effects of
small intestinal glucose on glycaemia, insulinaemia and incre-
tin hormone release are load-dependent in obese subjects,”
International Journal of Obesity, vol. 41, no. 2, pp. 225-232,
2017.

X. C. Wang, H. Liu, J. Chen, Y. Li, and S. Qu, “Multiple
factors related to the secretion of glucagon-like peptide-1,”
International Journal of Endocrinology, vol. 2015, 11 pages,
2015.

J. J. Meier, G. Kemmeries, J. J. Holst, and M. A. Nauck, “Eryth-
romycin antagonizes the deceleration of gastric emptying by
glucagon-like peptide 1 and unmasks its insulinotropic effect
in healthy subjects,” Diabetes, vol. 54, no. 7, pp. 2212-2218,
2005.

M. M. Umapathysivam, M. Y. Lee, K. L. Jones et al., “Compar-
ative effects of prolonged and intermittent stimulation of the
glucagon-like peptide 1 receptor on gastric emptying and
glycemia,” Diabetes, vol. 63, no. 2, pp. 785-790, 2014.

M. A. Nauck, G. Kemmeries, J. . Holst, and J. J. Meier, “Rapid
tachyphylaxis of the glucagon-like peptide 1-induced decelera-
tion of gastric emptying in humans,” Diabetes, vol. 60, no. 5,
pp. 1561-1565, 2011.

M. C. Gannon and F. Q. Nuttall, “Amino acid ingestion and
glucose metabolism - a review,” IUBMB Life, vol. 62, no. 9,
pp. 660-668, 2010.

J. Tay, C. H. Thompson, and G. D. Brinkworth, “Glycemic var-
iability: assessing glycemia differently and the implications for
dietary management of diabetes,” Annual Review of Nutrition,
vol. 35, no. 1, pp. 389-424, 2015.

L. Sun, K. W. J. Tan, C. M. S. Han, M. K.-S. Leow, and C. J.
Henry, “Impact of preloading either dairy or soy milk on post-
prandial glycemia, insulinemia and gastric emptying in
healthy adults,” European Journal of Nutrition, vol. 56, no. 1,
pp- 77-87, 2017.

S.Y. Tan, P. C. Siow, E. Peh, and C. J. Henry, “Influence of rice,
pea and oat proteins in attenuating glycemic response of
sugar-sweetened beverages,” European Journal of Nutrition,
pp. 1-9, 2017.

C. Giezenaar, L. G. Trahair, N. D. Luscombe-Marsh et al.,
“Effects of randomized whey-protein loads on energy intake,
appetite, gastric emptying, and plasma gut-hormone concen-
trations in older men and women,” The American Journal of
Clinical Nutrition, vol. 106, no. 3, pp. 865-877, 2017.

L. E. Mignone, T. Wu, M. Horowitz, and C. K. Rayner, “Whey
protein: the “whey” forward for treatment of type 2 diabetes?,”
World Journal of Diabetes, vol. 6, no. 14, pp. 1274-1284, 2015.
J. Ma, J. E. Stevens, K. Cukier et al., “Effects of a protein pre-
load on gastric emptying, glycemia, and gut hormones after a
carbohydrate meal in diet-controlled type 2 diabetes,” Diabetes
Care, vol. 32, no. 9, pp. 1600-1602, 2009.

(68]

(69]

[70]

(71]

(72]

(73]

(74]

[75]

[76]

(77]

(78]

[79]

(80]

Journal of Diabetes Research

D. Jakubowicz, O. Froy, B. Ahrén et al., “Incretin, insulinotro-
pic and glucose-lowering effects of whey protein pre-load in
type 2 diabetes: a randomised clinical trial,” Diabetologia,
vol. 57, no. 9, pp. 1807-1811, 2014.

S. S. Ullrich, P. C. E. Fitzgerald, I. Nkamba, R. E. Steinert,
M. Horowitz, and C. Feinle-Bisset, “Intragastric lysine lowers
the circulating glucose and insulin responses to a mixed-
nutrient drink without slowing gastric emptying in healthy
adults,” The Journal of Nutrition, vol. 147, no. 7, pp. 1275-
1281, 2017.

S. S. Ullrich, P. C. E. Fitzgerald, G. Schober, R. E. Steinert,
M. Horowitz, and C. Feinle-Bisset, “Intragastric administra-
tion of leucine or isoleucine lowers the blood glucose response
to a mixed-nutrient drink by different mechanisms in healthy,
lean volunteers,” The American Journal of Clinical Nutrition,
vol. 104, no. 5, pp. 1274-1284, 2016.

F. Mano, K. Ikeda, E. Joo, S. Yamane, N. Harada, and
N. Inagaki, “Effects of three major amino acids found in
Japanese broth on glucose metabolism and gastric empty-
ing,” Nutrition, vol. 46, pp. 153-158.el, 2018.

A. C. Meyer-Gerspach, S. Hifliger, J. Meili et al., “Effect of L-
tryptophan and L-leucine on gut hormone secretion, appetite
feelings and gastric emptying rates in lean and non-diabetic
obese participants: a randomized, double-blind, parallel-
group trial,” PLoS One, vol. 11, no. 11, article e0166758, 2016.
C.J. Homko, F. Duffy, F. K. Friedenberg, G. Boden, and H. P.
Parkman, “Effect of dietary fat and food consistency on gastro-
paresis symptoms in patients with gastroparesis,” Neurogas-
troenterology and Motility, vol. 27, no. 4, pp. 501-508, 2015.
K. Yu, M. Y. Ke, W. H. Li, S. Q. Zhang, and X. C. Fang, “The
impact of soluble dietary fibre on gastric emptying, postpran-
dial blood glucose and insulin in patients with type 2 diabetes,”
Asia Pacific Journal of Clinical Nutrition, vol. 23, no. 2,
pp. 210-218, 2014.

N. Repin, B. A. Kay, S. W. Cui, A. J. Wright, A. M. Duncan,
and H. Douglas Goff, “Investigation of mechanisms involved
in postprandial glycemia and insulinemia attenuation with
dietary fibre consumption,” Food ¢ Function, vol. 8, no. 6,
pp. 2142-2154, 2017.

R. E. Steinert, D. Raederstorff, and T. M. Wolever, “Effect of
consuming oat bran mixed in water before a meal on glycemic
responses in healthy humans-a pilot study,” Nutrients, vol. 8,
no. 9, 2016.

A. R. Mackie, B. H. Bajka, N. M. Rigby et al., “Oatmeal
particle size alters glycemic index but not as a function of
gastric emptying rate,” American Journal of Physiology. Gas-
trointestinal and Liver Physiology, vol. 313, no. 3, pp. G239-
G246, 2017.

A. Tbarra, K. Olli, W. Pasman et al,, “Effects of polydextrose
with breakfast or with a midmorning preload on food intake
and other appetite-related parameters in healthy normal-
weight and overweight females: an acute, randomized, dou-
ble-blind, placebo-controlled, and crossover study,” Appetite,
vol. 110, pp. 15-24, 2017.

M. Voukali, I. Kastrinelli, S. Stragalinou et al., “Study of post-
prandial lipaemia in type 2 diabetes mellitus: exenatide versus
liraglutide,” Journal of Diabetes Research, vol. 2014, Article ID
304032, 7 pages, 2014.

J. . Meier, J. Rosenstock, A. Hincelin-Méry et al., “Contrasting
effects of lixisenatide and liraglutide on postprandial glycemic
control, gastric emptying, and safety parameters in patients
with type 2 diabetes on optimized insulin glargine with or



Journal of Diabetes Research

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

without metformin: a randomized, open-label trial,” Diabetes
Care, vol. 38, no. 7, pp. 1263-1273, 2015.

C. Amouyal and F. Andreelli, “Increasing GLP-1 circulating
levels by bariatric surgery or by GLP-1 receptor agonists ther-
apy: why are the clinical consequences so different?,” Journal of
Diabetes Research, vol. 2016, Article ID 5908656, 10 pages,
2016.

M. Lorenz, C. Pfeiffer, A. Steinstrifler et al., “Effects of lixisena-
tide once daily on gastric emptying in type 2 diabetes — rela-
tionship to postprandial glycemia,” Regulatory Peptides,
vol. 185, pp. 1-8, 2013.

J. Jelsing, N. Vrang, G. Hansen, K. Raun, M. Tang-Christensen,
and L. Bjerre Knudsen, “Liraglutide: short-lived effect on gas-
tric emptying - long lasting effects on body weight,” Diabetes,
Obesity & Metabolism, vol. 14, no. 6, pp. 531-538, 2012.

Y. Nakatani, M. Maeda, M. Matsumura et al., “Effect of GLP-1
receptor agonist on gastrointestinal tract motility and residue
rates as evaluated by capsule endoscopy,” Diabetes ¢ Metabo-
lism, vol. 43, no. 5, pp. 430-437, 2017.

J. B. Hjerpsted, A. Flint, A. Brooks, M. B. Axelsen, T. Kvist, and
J. Blundell, “Semaglutide improves postprandial glucose and
lipid metabolism, and delays first-hour gastric emptying in
subjects with obesity,” Diabetes, Obesity & Metabolism,
vol. 20, no. 3, pp. 610-619, 2018.

B. Ahrén, “Physiological aspects of the combination of insulin
and GLP-1 in the regulation of blood glucose control,” Diabe-
tes & Metabolism, vol. 41, no. 6, pp. 6S3-6S8, 2015.

A. Albér, A. Brgnden, and F. K. Knop, “Short-acting glucagon-
like peptide-1 receptor agonists as add-on to insulin therapy in
type 1 diabetes: a review,” Diabetes, Obesity & Metabolism,
vol. 19, no. 7, pp- 915-925, 2017.

American Diabetes Association, “8. Pharmacologic approaches
to glycemic treatment,” Diabetes Care, vol. 40, Supplement 1,
pp. $64-574, 2017.

A. J. Garber, M. J. Abrahamson, J. . Barzilay et al.,, “Con-
sensus statement by the American Association of Clinical
Endocrinologists and American College of Endocrinology
on the comprehensive type 2 diabetes management algo-
rithm - 2017 executive summary,” Endocrine Practice,
vol. 23, no. 2, pp. 207-238, 2017.

C. S. Frandsen, T. F. Dejgaard, H. U. Andersen et al., “Liraglu-
tide as adjunct to insulin treatment in type 1 diabetes does not
interfere with glycaemic recovery or gastric emptying rate dur-
ing hypoglycaemia: a randomized, placebo-controlled, double-
blind, parallel-group study,” Diabetes, Obesity & Metabolism,
vol. 19, no. 6, pp. 773-782, 2017.



	Bidirectional Relationship between Gastric Emptying and Plasma Glucose Control in Normoglycemic Individuals and Diabetic Patients
	1. Introduction
	2. Physiologic Control of Gastric Emptying
	3. Assessment of Gastric Emptying
	4. Causes of Gastric Emptying Disorders in Diabetes
	5. Glycemic Responses Induced by Fluctuations of Gastric Emptying
	6. Effects of GLP-1 on Gastric Emptying
	7. Influence of Nutrients on Gastric Emptying and Glycemic Levels
	8. Effects of GLP-1 Receptor Agonists on Gastric Emptying and Glycemic Levels
	9. Conclusion
	Conflicts of Interest

