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Although slow gastric emptying (gastroparesis) is a well-known complication of chronic hyperglycemia in diabe-
tes mellitus (DM), it recently has become clear that rapid gastric emptying also is a frequent and important dia-
betic complication. In contrast, acute hyperglycemia causes slow gastric emptying, and acute hypoglycemia
causes rapid gastric emptying. Rapid gastric emptying is frequent in T2DM; however, it may also occur in
T1DM, particularly in the early stages of the disease, but may persist even into late stages. Recent studies suggest
that usually, the stomach restricts the emptying of nutrients to 1-4 kcals/min. This restriction is due to the action

g?;g?cri;pwmg of the gastric ‘braking’ hormones such as GLP-1, leptin, and amylin acting via the gastric inhibitory vagal motor

Rapid gastric emptying circuit (GIVMC). Disruption of this braking system leads to rapid gastric emptying. Acute hyperglycemia also

Diabetes mellitus slows gastric emptying by stimulating the GIVMC, while acute hypoglycemia causes rapid gastric emptying by

Pathophysiology stimulating the gastric excitatory vagal motor circuit (GEVMC). In contrast, chronic hyperglycemia causes

EIOStDF?ndiAI'HyDerglycemia rapid gastric emptying by inducing oxidative stress in the stomach wall that disrupts inhibitory neuromuscular
ypoglycemia

transmission and increases the contractility of the smooth muscle, while chronic hyperglycemia may also
cause slow gastric emptying via severe inflammatory stress caused by proinflammatory macrophages and reduce
contractility of the smooth muscle. There is a bidirectional relationship between blood glucose and gastric emp-
tying. Thus, rapid gastric emptying may lead to a sizeable postprandial spike, and slow gastric emptying may
blunt it. Postprandial hyperglycemia is involved in the development, progression, and complications of DM. Cor-
rection of fast gastric emptying involves agents that activate GIVMC and the use of gastric ‘braking’ hormones or
their analogs. Recognition and treatment of rapid gastric emptying may contribute to better management of post-
prandial hyperglycemia and prevention of some diabetic complications.

© 2019 Published by Elsevier Inc.

1. Introduction

The stomach is responsible for the intake of food, its blenderization
to form chyme (semiliquid food), and provision of highly regulated
timely caloric load to the intestines. The intestinal nutrient load deter-
mines 1) glucose levels in the blood and 2) utilization of the blood glu-
cose by secretion of incretins and subsequent secretion of insulin and
suppression of glucagon secretion. Thus, gastric emptying plays a cen-
tral role in postprandial glycemia.

Rapid gastric emptying may manifest itself widely from severe gas-
trointestinal symptoms of ‘dumping syndrome,’ to milder and even
asymptomatic forms. Moreover, the effect of gastric emptying on
blood glucose levels depends on multiple factors including the size, con-
tent, and timing of meals, the rate of glucose absorption into the blood,
release of intestinal hormones such as incretins, and the release of insu-
lin. Thus, fast gastric emptying may be associated with (1) reactive
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hypoglycemia,*? (2) amelioration of hyperglycemia in obese T2DM by
bariatric surgery,?® and (3) severe postprandial hyperglycemia due to
insufficiency of incretins or insulin.

Blood glucose levels have a complicated bidirectional relationship
with gastric emptying rate. On the one hand, the rate of gastric empty-
ing is a crucial determinant of postprandial glycemia because it influ-
ences the timing and a load of nutrients delivered to the intestine. The
intestinal nutrient load affects both glucose absorption and the release
of incretin hormones. Blood glucose and incretin hormones regulate in-
sulin and glucagon secretion, which regulate blood glucose levels.
Moreover, small changes in the rate of gastric emptying may cause con-
siderable variability in blood glucose levels. Postprandial hyperglycemia
and glucose variability contribute importantly to the pathogenesis of
T2DM and its complications and have important implications for patient
management.*?

On the other hand, acute hyperglycemia and chronic hyperglycemia
in DM cause a spectrum of changes in gastric emptying (Fig. 1). Acute
hyperglycemia causes transient slowing of gastric emptying, while
acute hypoglycemia causes rapid gastric emptying. Originally, ‘diabetic
gastroparesis’ was described in a case report of a patient with persistent
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Fig. 1. Spectrum of gastric emptying abnormalities in acute hyperglycemia and
hypoglycemia and in chronic hyperglycemia associated with diabetes mellitus. Acute
hypoglycemia is associated with transient rapid gastric emptying and acute
hyperglycemia is associated with transient slow gastric emptying. On the other hand,
chronic hyperglycemia may be associated with either basal rapid gastric emptying or
slow gastric emptying.

(at baseline) slow gastric emptying that was thought to be a complica-
tion of untreated T1DM??; subsequent studies have revealed that milder
forms of delayed gastric emptying are present in one-third to one-half
of patients with long-standing TIDM or T2DM.>%°° Although there
have been sporadic reports of rapid gastric emptying in DM, this impor-
tant diabetic complication has been mostly ignored. Nevertheless, it is
now clear that rapid gastric emptying is a significant complication of
DM.>%47 By causing fast gastric emptying, chronic hyperglycemia aug-
ments postprandial glucose and worsens DM.

The purpose of this review is to summarize the pathogenesis of rapid
gastric emptying caused by acute hypoglycemia and chronic hypergly-
cemia and discuss the prevalence, clinical impact and rational therapeu-
tic considerations based on the underlying pathophysiology of rapid
gastric emptying.

2. Regulation of gastric emptying

Gastric emptying in the digestive (prandial) and inter-digestive
(fasting) periods is highly regulated. Physical characteristics of food
and its caloric density are important regulators of gastric emptying,
which is mediated by anatomic segments of the stomach that perform
different motor functions. The gastric fundus and proximal corpus
form the ‘pressure pump,” and the distal corpus and proximal antrum
comprise the ‘peristaltic pump,” and the distal antrum and pylorus are
the ‘grinder/filter.” Decreased motor activity of the pressure and peri-
staltic pumps slows gastric emptying, while inadequate relaxation (ac-
commodation) and increased contractile activity of the peristaltic
pump result in rapid gastric emptying.>?> Current concepts suggest
that the motor activity of the gastric pumps is regulated by the gastric
inhibitory vagal motor circuit (GIVMC), whose stimulation slows gastric
emptying, and by the gastric excitatory vagal motor circuit (GEVMC),
whose stimulation hastens gastric emptying. These circuits include
vagal afferents, interneurons in the nucleus tractus solitarius (NTS),
vagal motor preganglionic neurons in the DMV, vagal efferent fibers,
postganglionic neurons in the gastric myenteric plexus and their projec-
tions on the smooth muscle cells.?®

During the digestive period (lasting 2-3 h after a quick meal), gastric
emptying of chyme (semiliquid food processed by the stomach) deliv-
ered into the duodenum is usually limited to a caloric value of 4 kcals/
min.®° During this period, the stomach holds back all large food particles
and indigestible food residues.?> Neurohormonal regulation of gastro-
duodenal motility is responsible for the tight control of gastric empty-
ing. The so-called gastric ‘breaking’ hormones released from the
intestine and pancreas play a critical role in the management of gastric
emptying in the digestive period.>® These hormones slow gastric

emptying primarily by stimulating the GIVMC at various levels. They
also cause early satiety by acting on the pro-opiomelanocortin
(POMC) neurons in the NTS.®? In contrast, long-term reduced food in-
take and increased energy expenditure are mediated by the POMC neu-
rons in the hypothalamus.?® Table 1 lists some of the braking hormones.
Out of these, GLP-1, leptin, and amylin have received much attention.

Glucagon-like peptide (GLP-1) is a hormone and a neurotransmitter.
As a hormone, it is produced by L cells in the intestine where glucose
and bile salts act to stimulate its release.! As a neurotransmitter, it is
present in the pre-proglucagon (PPG) cells in the NTS and POMC neu-
rons in the NTS and the hypothalamus. In the NTS, it is an important
part of the GIVMC, and its stimulation causes slow gastric emptying
and transient satiety.%> GLP-1 also stimulates insulin secretion and in-
hibits glucagon secretion (incretin effect). The enzyme dipeptidyl-
peptidase IV (DPP-1V) rapidly degrades GLP-1. Although GLP-1 defi-
ciency has not been documented to cause T2DM, GLP-1 analogs and in-
hibitors of PPD-IV are useful in the treatment of T2DM. Leptin is
primarily produced from the fat white cells (adipokine leptin) but is
also produced in the stomach (gastric leptin).!® Effective action of
adipokine leptin is to reduce food intake via the POMC neurons in the
hypothalamus, and that of the gastric leptin may be on the GIVMC and
the POMC neurons in the NTS.®® Congenital deficiency of leptin or its re-
ceptors in humans or animals produces a phenotype with hyperglyce-
mia due to 1) loss of slow gastric emptying leading to fast gastric
emptying, resulting in a high intestinal glucose load, and 2) gain of insu-
lin resistance by increased glucagon secretion. Amylin (pancreatic amy-
loid polypeptide) is co-secreted with insulin by the beta cells. It inhibits
glucagon secretion and causes slow gastric emptying by its actions in
the NTS and brain stem likely similar to other gastric ‘braking’ hor-
mones. Amylin deficiency may be associated with nonobese NIDDM.?®
Loss of function of the gastric braking hormones results in fast gastric
emptying of nutrients and postprandial hyperglycemia associated
with T2DM. Genetically leptin-deficient, ob/ob mice or leptin
receptor-deficient, Lepr®?" mice additionally have loss of satiety sig-
nals and energy consumption resulting in weight gain and obesity.
These mutants are extensively used models of obese T2DM."'®

After the digestive period is over, in the inter-digestive period, gas-
tric emptying is designed to expel food-residues by forceful migrating
motor complexes. Hormones ghrelin and motilin activate the migrating
motor complexes. These hormones act by inhibiting GIVMC and stimu-
lating the GEVMC to accelerate gastric emptying.?

3. Determination of gastric emptying rate

The gastric emptying rate is experimentally determined to be the
time taken when only 50% of the ingested meal remains in the stomach.
Gastric emptying tests have utilized different test meals and techniques.
Scintigraphic estimation of the gastric residue of liquid or digestible
solid or a mixed standardized-meals labeled with 99 m technetium sul-
fur colloid is considered the gold standard for determining gastric emp-
tying in the digestive period. Bharucha and colleagues® assessed gastric
emptying by scintigraphy using a 300-kcal mixed meal containing
99mTec sulfur labeled egg and established the normal values as11-39%

Table 1
Gastric ‘braking’ hormones.

« Cholecystokinin (CCK)

« Leptin

« Glucagon-like peptide-1 (GLP-1)
* Glucagon

« Oxyntomodulin (OXM)

« Peptide YY (PYY)

« Gastrin-releasing peptide (GRP)
« Enterostatin

« Pancreatic Amylin

« Pancreatic polypeptide
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at1h,40-76%at 2 h, 84-98% at 4 h. Values below the normal range at 1
or 2 h defined rapid gastric emptying and values above the normal
range at 2 or 4 h defined slow gastric emptying.

Currently, the gastric emptying breath test using the stable isotope,
13C octanoic acid or *C-Spirulina platensis labeled standard meal has
gained favor. In this test, the subject ingests a 13C labeled standardized
meal, and breath samples are collected at baseline and at different time
intervals for 4 h. Labeled carbon dioxide is measured using mass spec-
trometry in each breath sample. Tsg (t;,2) of 1*C excretion is calculated
using the Wagner-Nelson method.>® The results from this method com-
pare well with scintigraphy and allow for calculation of a caloric rate of
gastric emptying of both liquid and solid meals.>® The rate of gastric
emptying shows a low intraindividual variability but a large interindi-
vidual variability. Using a standardized semisolid meal of 65 g pow-
dered potato, 20 g glucose, constituted with 200 mL water and one
egg yolk (368.5 kcal, 61.4 g carbohydrate, 7.4 g protein, and 8.9 g fat),
the rate of gastric emptying ranged from 2.2 to 3.9 (mean 2.3 + 0.1)
kcal/min in young, healthy controls.®! In T2DM, the gastric emptying
ranged from 1.6 to 4.7 (mean 2.8 4 0.1) kcal/min and 1.6-3.3 (mean
3 =+ 0.1) kcals/min in age-matched older subjects.®!

NTS

Normal range gastric emptying in the healthy subjects is considered
between 10th-90th percentile of the observed T % values. In a 13C-
Spirulina gastric emptying breath test using 223 kcal (19.2 g carbohy-
drates, 12 g protein, and 10.9 g fat) the 10th-90th percentile range for
t % in healthy subjects was 50-92 min. Hence, values <50 and
>92 min reflect rapid and delayed gastric emptying, respectively.>®®
Determination of tj,g, ty5, and t3p may be particularly useful in the as-
sessment of fast gastric emptying.’

In the USA, the *C-Spirulina gastric emptying breath test (GEBT) has
been approved by the FDA and is commercially available (Cairn Diag-
nostics (Brentwood, TN)). This kit includes detailed instructions for
the standard food labeled with '>C-Spirulina and collection of breath
samples. After the test, the samples are mailed to Cairn Diagnostics for
determination of the gastric emptying rates. This development has de-
termined the gastric emptying studies suitable for everyday use.

The acetaminophen absorption test measures the emptying rate of
liquids only, whereas the wireless capsule (Smart Capsule) provides in-
formation on the gastric emptying of food residue in the inter-digestive
period. However, the Smart Capsule does not provide information on
the emptying of nutrients in the digestive period. For gastric emptying
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Fig. 2. Sites of action of acute hypoglycemia and chronic hyperglycemia causing rapid gastric emptying. Acute hypoglycemia causes fast gastric emptying by stimulating the gastric
excitatory vagal motor circuit (GEVMC) (shown in green). The GEVMC includes glutaminergic (GLUT) neurons and catecholaminergic neuros of the gastric excitatory pathway (CCe)
located in the nucleus tractus solitarius (NTS). NTS-GLUT neurons project on to the cholinergic neurons of the gastric excitatory pathway (Ce) that are located in the dorsal motor
nucleus of the vagus nerve (DMV). The DMV-Ce neurons send preganglionic vagal fibers to postganglionic cholinergic neurons of the gastric excitatory pathway (Ce) located in the
myenteric plexus in the gastric wall. The MP-Ce neurons release the excitatory neurotransmitter acetylcholine and cause contraction of the smooth muscle. The effect of acute
hypoglycemia on GEVMC is mediated by GABA interneurons in the NTS. Stimulation of the GEVMC to gastric pumps leads to increase gastric emptying.>* In contrast, chronic
hyperglycemia causes rapid gastric emptying by suppression of the gastric inhibitory vagal circuit, thus decreasing inhibitory neuromusclular transmission and increasing contractility

of smooth muscle.
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of nutrients, emptying of liquid and digestible solids during the early pe-
riods should be used.

4. Transient rapid gastric emptying in acute hypoglycemia

Several studies have reported that acute hyperglycemia causes slow
gastric emptying in the fasting state or during postprandial hyperglyce-
mia in healthy or diabetic subjects.’® In contrast, acute hypoglycemia
causes counter-regulatory fast gastric emptying in healthy or diabetic
subjects.*® ‘latrogenic hypoglycemia’ is a common and serious compli-
cation associated with insulin treatment in T1DM or T2DM with slow
gastric emptying. Delayed gastric emptying reduces the postprandial
glucose spike, and failure to reduce the dose and adjust the timing of in-
sulin administration may lead to hypoglycemia“’ and severe neurologic
damage.'®

4.1. Pathogenesis

In contrast to acute hyperglycemia that acts to slow gastric emptying
by stimulating the GIVMC,%* acute hypoglycemia causes rapid gastric
emptying by activating the GEVMC to the gastric antrum (Fig. 2).
GABA neurons exert a complex inhibitory and excitatory effect on the
adjoining neurons.? Lamy and colleagues® have shown that hypoglyce-
mia stimulates GLUT2 positive GABA neurons in the NTS that activate
the GEVMC and sympathoadrenal pathways. Activation of GEVMC
leads to fast gastric emptying and stimulation of the sympathoadrenal
pathway, triggering counter-regulatory responses, including secretion
of glucagon. The effect of hypoglycemia is mediated by reduced intracel-
lular glucose metabolism, increased AMP-activated protein kinase activ-
ity, and closure of leak channels. Glucose is the primary fuel for the
neurons. Hypoglycemia is associated with the activation of counter-
regulatory hormonal and neuroendocrine responses in an attempt to re-
store glucose to safe levels. However, recurrent hypoglycemia impairs
these protective mechanisms, resulting in a potentially life-
threatening condition known as a hypoglycemia-associated autonomic
failure (HAAF)'® and ‘Impaired awareness of hypoglycemia’ (IAH).%°
Pathogenesis of HAAF is not well understood; it may be due to the up-
regulation of the enzyme glucose kinase.

5. Rapid gastric emptying in chronic hyperglycemia in DM

Chronic hyperglycemia in diabetes mellitus (DM) may be associated
with either fast or slow gastric emptying. Clinicians and investigators
traditionally have focused primarily on slow gastric emptying and
gastroparesis, although there have been many sporadic reports of
rapid gastric emptying of liquids and solid meals in long-standing DM.
Cases of rapid gastric emptying are often overlooked or included in
the control group with normal gastric emptying as shown by. Nowak
and colleagues.*’

5.1. Pathogenesis

In contrast to the slow gastric emptying that is associated with de-
creased contractility, rapid gastric emptying in DM is associated with in-
creased contractility of the gastric fundus and proximal corpus
(pressure pump) as well as the distal corpus and proximal antrum
(peristaltic pump).4”9%

In the digestive period, gastric emptying is slowed by the action of
the gastric ‘braking’ hormones' that are released from the intestines.
Loss of function of the gastric ‘braking’ hormones such as GLP-1, leptin
and amylin cause fast gastric emptying as well as other unrelated abnor-
malities including hyperglycemia. Therefore, the cause and effect rela-
tionship of hyperglycemia and fast gastric emptying have not been
established. However, recent studies in animals have defined the bio-
chemical abnormalities and mechanism of their action in the pathogen-
esis of fast gastric emptying in chronic hyperglycemia.

5.1.1. Biochemical abnormalities

The biochemical abnormalities in rapid gastric emptying include hy-
perglycemia-associatedoxidative stress.>* Chronic hyperglycemia has
been shown to be associated with epigenetic changes in microRNAs
that can mediate further oxidative stress. For example,
downregulation of miR25 and upregulation of NOX4 leads to an
incease in superoxide dismutase (SOD), an enzyme that may increase
hydrogen peroxide (H202) production.®® Oxidative stress may cause
rapid gastric emptying by affecting the functions of nerves and
hormones, ICC and smooth muscles.

5.1.2. Neural abnormalities

In the early stages of DM development in nonobese diabetic (NOD)
mice with rapid gastric emptying, there was loss of inhibitory purinergic
and nitrergic transmission that may adversely impact the contractility
of both the pressure and peristaltic pumps of the stomach. The loss of
purinergic transmission may be due to 1) oxidative stress-associated
mitochondrial damage with loss of ATP production; 2) reduced activity
of glucokinase due to persistent high glucose load, which also depresses
ATP synthesis; 3) impaired intracellular transport of purinergic
neurotransmitter-containing vesicles for exocytosis at the varicosity
membrane; and 4) loss of inhibitory neurons. Similarly, loss of nitrergic
NMT may be due to 1) loss of nitrergic neurons; 2) translational down-
regulation and metabolic alteration in the enzyme nNOSc; 3) impaired
intracellular transport of nNOSc to the varicosity membrane for release
of the nitrergic neurotransmitter; and 4) elevated levels of ROS in dia-
betic oxidative stress causing accelerated scavenging of the neurotrans-
mitter nitric oxide.?®

5.1.3. Increased interstitial cells of cajal (ICC)

Recently, Hayashi and colleagues?” suggested that rapid gastric
emptying in Lepr®®“® mice was due to gain in the function of the c-kit
and ICC due to oxidative stress. Hyperplasia of undefined ICC occurred
despite reduced signaling of the insulin-like growth factor 1-
dependent Kit ligand that typically sustains ICC. Oxidative stress may
activate p38 MAPK1 and MAPK3 that stabilizes the transcription factor
ETSV1, leading to upregulation of the c-kit and gain in the number of
ICC.?” The increased ICC number may enhance slow waves and cause
enhanced smooth muscle contractility. However, in another model of
an increased number of undefined ICC [Kit (V558Delta)/+ mice], spon-
taneous electrical activity and post-junctional neural responses in the
stomach are reportedly normal.*

5.1.4. Increased Smooth Muscle Contractility

Smooth muscle is the final mediator of gastric motor function. Sev-
eral studies have reported that gastric smooth muscle from hyperglyce-
mic Lepr®@ mice exhibits enhanced contractility in response to
excitatory stimuli.?”® Similar changes in gastric smooth muscles were
reported in Akita mice and other animal models of T1DM.**® More-
over, hyperglycemic NOD mice demonstrate depolarization of smooth
muscle membrane potential and attenuation of non-adrenergic non-
cholinergic inhibitory neurotransmission, consistent with enhanced
smooth muscle excitability.?®

The hypercontractile nature of smooth muscle may be due to genetic
and epigenetic changes in actively multiplying muscle cells, such as
those reacting to oxidative stress. Oxidative stress results in downregu-
lation of miR-133a, which is associated with upregulation of RhoA/
ROCK, which decreases myosin light chain phosphatase (MLCP) activity
and enhances myosin light chain kinase (MLCK) activity and smooth
muscle contractility.® Other factors may also contribute to the
hypercontractility of smooth muscles. High glucose levels cause an
opening of L-type calcium channels in vascular smooth muscles.>**®
The loss of nitrergic inhibitory neurotransmission may also upregulate
Rho/ROCK signaling and increase smooth muscle contractility. In-
creased contractility in the smooth muscle of the gastric fundus and an-
trum is expected to accelerate gastric emptying in vivo.?>?” These
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changes are different from those implicated in the pathogenesis of slow
gastric emptying in DM.!”

5.2. Clinical implications of rapid gastric emptying

5.2.1. Symptoms of rapid gastric emptying

Rapid gastric emptying in diabetes may be associated with early
‘dumping syndrome’ manifested by post-prandial nausea, bloating,
light-headedness, flushing, palpitations, and abdominal pain, often
with cramps, borborygmi, and diarrhea.* However, most patients with
rapid gastric emptying demonstrable by scintigraphy have no upper
gastrointestinal symptoms. Nearly two-thirds of patients with poorly
controlled T2DM were asymptomatic yet had abnormal gastric empty-
ing. Moreover, any symptoms, when present, correlate poorly with the
rate of gastric emptying.*®

5.2.2. Prevalence of rapid gastric emptying

Gastric consequences of long-standing DM are geneally attributed to
slow gastric emptying. However, many reports of rapid gastric empty-
ing of liquids and solid meals have been described. Nowak et al.*’ inves-
tigated solid phase gastric emptying scintiscans using in vivo labeled
chicken liver in complicated insulin-dependent diabetics. When com-
pared to healthy controls, the mean values were not different, but emp-
tying rates in diabetic patients were highly variable. A careful analysis of
the data revealed that emptying rates were slow in 62% and rapid in 38%
of patients. This study did not recognize cases with normal gastric emp-
tying. However, recent studies of patients with poorly controlled, ad-
vanced T1DM have found normal gastric emptying in 42%, delayed
gastric emptying in 30%, and rapid gastric emptying in 22% of the
cases.’ In another study of poorly controlled T2DM (glycosylated hemo-
globin, >9%) gastric emptying was normal in 33%, delayed in 47%, and
accelerated in 20% of cases.® About one-fifth of poorly controlled, long
standing T1DM or T2DM diabetic subjects have rapid gastric emptying
(Fig. 3).58 A recent study has reported that gastric emptying was faster
in well-controlled T2DM than appropriate controls.5!

Studies in animal models of T1DM and T2DM revealed that the prev-
alence of rapid gastric emptying in DM depends on the stage of the dis-
ease. A longitudinal study that serially examined gastric emptying in
NOD mice (model of TIDM) showed that in the early stages of develop-
ment of hyperglycemia, almost all animals exhibited rapid gastric emp-
tying, but on follow-up, only a small proportion of mice had slow gastric
emptying.'® A recent study in leptin deficient Lepr?¢° mice showed
that these mice have accelerated gastric emptying.?” It has also been re-
ported that the basal gastric emptying rate in young Lep®°® mice was
significantly faster than in older Lep°®®°> mice.? These observations are
consistent with the concept that rapid gastric emptying may occur in
the early stages of DM. Interestingly, rapid gastric emptying has been
found to be common in adolescents with DM.*°

Limited information is available on the natural history of gastric
emptying in DM. In a study on 20 patients with different types of DM,
gastric emptying remained unchanged over a 12 year period.>' A subse-
quent follow-up of 8 of these patients over 25 years also failed to show
any change in gastric emptying.'®

5.3. Rapid gastric emptying and development and progression of DM

Rapid gastric emptying is associated with a large increase in blood
glucose at 2-h during oral glucose tolerance test and progression to
type 2 diabetes.>® Moreover, “early” type 2 diabetes has been associated
with more rapid gastric emptying.>* Rapid gastric emptying has also
been observed more frequently in certain ethnic groups and disease
states such as morbid obesity that are known to be predisposed to
type 2 diabetes.!*>! These studies show that rapid gastric emptying oc-
curs in early stages of hyperglycemia in T2DM. These studies, however,
do not make clear whether rapid gastric emptying or hyperglycemia is
the primary abnormality. Studies in NOD mice showed that loss of
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Fig. 3. Effects of intensive control of glycemia on the prevalence of rapid gastric emptying.
Prevalence of slow, rapid and normal gastric emptying in poorly controlled T2DM (#1),
mixed TIDM and T2DM (#2), and TIDM (#3); and well controlled TIDM (#4). Note
that prevalence of slow gastric emptying was similar in all poorly controlled studies of
T1DM or T2DM. Moreover, these rates were not significantly different from that in the
well-controlled T1DM study. The prevalence of rapid gastric emptying was also similar
(20%-22%) in all the poorly controlled groups. However, in the well-controlled T1DM
study there was significant reduction (to 5%) in the rapid gastric emptying (p < 0.001).
#1 This study includes 30 patients with poorly controlled T2DM® #2 This study includes
information on 69 patients with T2DM® #3This study includes information on 60
patients with poorly controlled TIDM® #4 This study includes 74 patients with well-
controlled cases with TIDM.®

inhibitory transmission was seen only after the establishment of hyper-
glycemia, but not before.2® These observations suggest that it is the early
chronic hyperglycemia that may be the cause of accelerated gastric
emptying.

It has been reported that even in subjects with normal glucose toler-
ance test, a low oral glucose disposition index may predict the develop-
ment of future diabetes above and beyond fasting and 2 h glucose
levels.”® The oral disposition index is the product of the early insulin se-
cretory response during an oral glucose tolerance test and insulin sensi-
tivity. Moreover, in subjects with normal glucose tolerance test, rapid
gastric emptying is associated with decrease in early insulin secretory
response and the disposition index, suggesting that rapid gastric empty-
ing may predispose to development of T2DM.*' Further studies are
needed to test this interesting possibility.

5.4. Reversibility of rapid gastric emptying

Whether the changes due to chronic hyperglycemia and oxidative
stress on fast gastric emptying are reversible is not known. However,
data on gastric emptying from an extension of the Diabetes Control
and Complications Trial (DCCT), the Epidemiology of Diabetic Interven-
tions and Complications (EDIC) study is of considerable interest in this
regard. This multicenter study included 74 patients with T1DM with in-
tensive control of hyperglycemia over 20 years. Gastric emptying was
assessed using the >C-spirulina breath test. This study found that in
these patients with T1DM, tight control of blood sugar is associated
with slow gastric emptying in 47%, normal gastric emptying in 48%
and rapid gastric emptying in only 5% of the cases.” As summarized in
Fig. 3, the prevalence of slow gastric emptying in the intensively treated
cases was similar to that reported in poorly controlled TIDM or T2DM.
These data indicate that the complication of slow gastric emptying
does not change over time and is not responsive to treatment of hyper-
glycemia. However, the prevalence of fast gastric emptying was signifi-
cantly lower than in other studies with poorly controlled TIDM or
T2DM (Fig. 3).>%® The differential response of slow gastric emptying
and fast gastric emptying is reminiscent of the observation that reason-
able control of hyperglycemia was associated with improvement in the
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microvascular but not the macrovascular complications of DM.?! Inter-
estingly, smooth muscle hypercontractility is common to both fast gas-
tric emptying and microvascular complications. Further studies are
needed to test this hypothesis.

5.5. Effect of rapid gastric emptying on postprandial hyperglycemia and as-
sociated diabetic complications

Rapid gastric emptying increases basal blood sugar as well as glyce-
mic variability including the postprandial hyperglycemia. Basal hyper-
glycemia is the main contributor to HbAlc levels, however
postprandial hyperglycemia also contributes significantly to the
HbA1c levels. The postprandial glucose level is also dependent upon
the characteristics of the food, processing in the stomach, and delivery
into the small bowel. The rate of duodenal exposure to nutrients, such
as glucose, determines intestinal absorption as well as secretion of the
intestinal ‘breaking’ hormones such as incretins, amylin and leptin.>®
Other things being equal, the rate of gastric emptying determines the
rate of duodenal exposure to glucose and the postprandial hyperglyce-
mia. Studies in T2DM and healthy subjects have shown that gastric
emptying has a significant impact on the early glycemic response.>°
After a standardized meal, increments in blood glucose were closely re-
lated to gastric emptying.®' Gastric emptying is a major determinant of
postprandial glycemia to a glucose drink or a high carbohydrate solid
meal,”® and may contribute an almost one-third rise in postprandial
glucose>°

Rapid gastric emptying contributes to HbA1c levels, but it specifi-
cally contributes to postprandial hyperglycemia. At lower HbA1c levels,
postprandial glucose is a prominent contributor to HbA1c levels.”’
Treatment studies have shown that the improvement in HbA1c levels
with intensive insulin therapy is associated with improvement in mi-
crovascular but not macrovascular complications in TIDM.%® However,
postprandial hyperglycemia and other causes of blood glucose variabil-
ity (GV), including episodes of iatrogenic hypoglycemia and the
counterregulatory hyperglycemia associated with intensive insulin
treatment,’® may be independent risk factors for microvascular, as
well as macrovascular complications including coronary artery disease.
Availability of continuous glucose monitoring (CGM) is helping to de-
fine the pathogenesis and the role of glucose variability on complica-
tions of DM including macrovascular complications,'%2%2157

6. Therapeutic implications of rapid gastric emptying

Since fast gastric emptying is one of the main determinants of the
postprandial hyperglycemic spike, recognition and management of
rapid gastric emptying may be helpful in the control of glycemia and
prevention of diabetic complications. A variety of maneuvers that slow
gastric emptying is successful in the treatment of postprandial hyper-
glycemia in T2DM. Suitability and effectiveness of these maneuvers
may depend on the stage of the disease, dietary habits including carbo-
hydrate intake and underlying pathophysiology of hyperglycemia.
Therefore, their use may require individualization and personalized
treatment. A detailed discussion of these treatments is outside the
scope of this review. However, we list here some classes of treatments
that exert at least part of their action by slowing gastric emptying and
have been effective in the treatment of T2DM. Even small changes in
gastric emptying may have a significant impact on postprandial hyper-
glycemia. For example, in T2DM subjects, slowing of gastric emptying
even in those with gastric emptying within the normal range may
show improvement in postprandial hyperglycemia.**>* Many agents
that slow gastric emptying also have other effects such as stimulation
of insulin secretion and inhibition of glucagon secretion as well as sup-
pression of appetite and reduction in food intake (e.g., leptin). Some of
the methods that affect fast gastric emptying to cause slow gastric emp-
tying are listed below.

1) Pre-prandial nutrient preloads

Pre-prandial preload of nutrients such as whey proteins ingested
15 min before a meal can attenuate postprandial glycemic excursions.
Whey proteins are rich in branched-chain amino acids that have a ro-
bust insulinotropic effect®> and also stimulate the release of incretins,
and slow gastric emptying. Although whey proteins also stimulate glu-
cagon release, the net effect is to lower postprandial glucose
excursion.®® Nutrient preload has been shown to improve the efficacy
of the dipeptidyl peptidase-4 (DPP-4) inhibitor vildagliptin to increase
incretin concentrations, slow gastric emptying, and lower postprandial
glycemia in type 2 diabetes.® It is important to point out that pre-load
with materials that enter the duodenum in the inter-digestive period
may not affect the rate of emptying of nutrients in the digestive period.
The effect of the preload of whey protein is sustained over 4 weeks.>’

2) Pharmacological agents

Pharmacological agents used in the treatment of T2DM that exert at
least a part of their beneficial effect by countering rapid gastric empty-
ing include the following.

a) Metformin is a commonly used first-line treatment for new cases of
T2DM. Metformin may act in part by slowing gastric emptying in
T2DM leading to lowering of postprandial glucose and
triglycerides.”®

b) Incretin based agents

i) GLP-1 receptor agonists such as exenatide exert part of their effect
by slowing gastric emptying via GLP-1 receptor mediated stimula-
tion of GIVMC. They also enhance insulin secretion and depress
glucagon secretion. Exenatide slows gastric emptying'® and re-
duces postprandial hyperglycemiac not only in T2DM patients
with rapid gastric emptying but also in those with normal gastric
emptying but not in those with delayed gastric emptying.>®

ii) Dipeptidyl peptidase-4 inhibitors (DPP4i) suppress the break-

down of the endogenous GLP-1 and thus enhance the availability
of GLP-1 to stimulates insulin secretion, inhibit glucagon secretion
and also stimulate GIVMC to slow gastric emptying.>

¢) Amylin is co-released with insulin from beta cells. Pramlintide is in-

jectable amylin. It slows gastric emptying and causes satiety. The

exact site of action of amylin is not currently known. However, it in-
hibits glucagon secretion.®

Leptin is secreted primarily from brown fat cells. However, leptin is

also secreted by the chief cell in the stomach.!® Congenital deficiency

of leptin is a model for obese T2DM. A few cases of human congenital
leptin deficiency have been reported. Interestingly these cases have
responded to recombinant leptin.'

a-glucosidase inhibitors such as acarbose act to delay intestinal ab-

sorption of monosaccharides such as glucose. a-glucosidase inhibi-

tors also increase GLP-1 secretion and GLP-1 mediated slowing of
gastric emptying, and stimulate insulin secretion and inhibit gluca-

gon secretion, thereby reducing postprandial hyperglycemia. o-

glucosidase inhibitors may be of particular importance in patients

who consume high carbohydrate diets.>®

f) Control of glycemia with intensive insulin therapy

There is some suggestion that intensive control of glycemia in T1IDM

is associated with a reduced complication of fast gastric emptying

but not slow gastric emptying>®® (Fig. 3). Therefore, control of gly-
cemia may be useful in the reversal of fast gastric emptying.

Control of oxidative stress and reducing gastric smooth muscle con-

tractility

Since oxidative stress and increased contractility of gastric muscle is

responsible for fast gastric emptying, > countering oxidative stress!'

and reducing the smooth muscle excitability>> may provide new tar-
gets for drugs that may act to reverse rapid gastric emptying.
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7. Conclusions

This review reveals that: 1) rapid gastric emptying is now
established as a frequent, independent complication of DM. 2) latrogenic
hypoglycemia is a serious complication of insulin therapy in DM. Acute
hypoglycemia causes transient rapid gastric emptying by activating the
gastric excitatory vagal motor circuit and the sympathoadrenal axis that
attempts to reverse hypoglycemia and to alarm the patient of the dan-
ger. 3) Chronic hyperglycemia causes lasting rapid gastric emptying
by inducing oxidative stress to suppress nitrergic neurotransmission
and increase contractility of the gastric smooth muscles via genetic
and epigenetic modifications. 4) Rapid gastric emptying is seen in the
early stages of the disease and is equally frequent in TIDM and T2DM
and may reverse with control of hyperglycemia. 5) While chronic hy-
perglycemia causes rapid gastric emptying, rapid gastric emptying
leads to postprandial hyperglycemia. 6) Postprandial hyperglycemia
contributes to overall glycemic state as measured by HbA1c and to gly-
cemic variability as determined by continuous glucose monitoring.
HbA1c levels are an important determinant of microvascular complica-
tions of diabetes mellitus. 7) Postprandial hyperglycemia and glycemic
variability are independent risk factors for diabetic complications.
8) Control of rapid gastric emptying may have important implications
in the therapy of T2DM. Currently used treatments of T2DM that act,
at least in part, by slowing gastric emptying include preload with
whey protein, and use of gastric ‘braking’ hormones such as incretin-
based agents and amylin. 9) Determination of the gastric emptying sta-
tus of diabetic subjects, particularly T2DM, using the recently available
gastric emptying breath test that is performed in the clinic, may advance
the personalized management of DM.
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