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SUMMARY
Gastroenteropathy manifesting in upper gastrointestinal symptoms, delayed gastric emptying,
constipation, diarrhea and fecal incontinence occurs frequently in patients with diabetes mellitus and
represents a significant health care burden. Current treatments are largely symptomatic and
ineffective. Better understanding of the cellular and molecular pathogenesis of these disorders is
required for the development of more effective therapies. Recent advances in our understanding of
the inherent, high-level complexities of the control systems that execute and regulate gastrointestinal
motility, together with the utilization of new experimental models and sophisticated physiological,
morphological and molecular techniques have lead to the realization that diabetic gastroenteropathies
cannot be ascribed to any singular defect or dysfunction. In fact, these disorders are multifactorial
and involve a spectrum of metabolic and dystrophic changes that can potentially affect all key
components of motor control including the systemic autonomic and enteric nervous systems,
interstitial cells of Cajal and smooth muscle cells. Candidate pathomechanisms are also varied and
include imbalance between pro- and anti-oxidative factors, altered trophic stimuli to mature cells and
their progenitors, and, possibly, autoimmune factors. The goal of this paper is to review the cellular
changes underlying diabetic gastroenteropathies and their potential causes, with particular focus on
functional interactions between various cell types. It is proposed that diabetic gastroenteropathies
should be considered a form of gastrointestinal neuromuscular dystrophy rather than a “functional”
disorder. Future research should identify ways to block cytotoxic factors, support the regeneration
of damaged cells and translate the experimental findings into new treatment modalities.
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Diabetic gastroenteropathy: definitions and epidemiology
Gastrointestinal neuromuscular dysfunction and consequent symptoms cause considerable
morbidity in patients with diabetes mellitus. The term diabetic gastroenteropathy encompasses
all gastrointestinal complications of diabetes, which may manifest in dysphagia, heartburn,
abdominal pain or discomfort, early satiety, nausea, vomiting, postprandial fullness and
bloating; as well as in constipation, diarrhea, and fecal incontinence.1-3 The dominant
symptoms vary among patients,3 but in most cases they are chronic or frequently recurrent.1
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Gastroparesis is a specific form of neuromuscular dysfunction and is defined as slow gastric
emptying (particularly of solids) in the absence of mechanical obstruction of the stomach. It
is typically associated with early satiety, nausea, vomiting and bloating, which are reported by
5-12% of patients with diabetes.4 The correlation between symptom severity and degree of
neuromuscular dysfunction in diabetes is variable.5 For example, otherwise silent gastroparesis
may only manifest in poor glycemic control including unexplained episodes of hyper- or
hypoglycemia, which may result from dyssynchrony of insulin administration and emptying
of nutrients from the stomach into the small intestine.1,3,6,7 Conversely, sensory abnormalities
may cause symptoms in patients without detectable motor dysfunction.3,6,8.

The true prevalence of diabetic gastroenteropathy remains unclear as the reported data vary
widely depending on the targeted population (general community vs. patients seen at academic
medical centers), the make-up of the sample (type 1 vs. type 2 patients, glucose control, etc.)
and methodology. For example, in diabetic outpatients seen at tertiary referral centers symptom
prevalence is typically high (76-83%)1,9 and gastroparesis demonstrable by diagnostic test is
also common (up to 30-56%).10 In contrast, symptom prevalence in unselected patients with
diabetes from the general community is much lower (6-27%).11 In general, symptoms tend to
occur more frequently in patients with other complications of diabetes, poor glycemic control,
and in women.9,12

Gastroparesis is usually considered the most significant manifestation of diabetic
gastroenteropathy.7 Diabetic gastroparesis represents ~30% of all causes of gastroparesis13

and is more common in women than men9,13 Although it does not appear to increase mortality
after adjustment for other disorders,14 gastroparesis can cause severe symptoms, nutritional
insufficiency, electrolyte imbalance and impaired glycemic control4,7 and represents a major
health care burden due to costly care and frequent hospitalizations.3 Diabetic gastroparesis also
has a significant adverse effect on the patients’ quality of life,15 which is of prime concern in
a population that typically also suffers from other devastating complications of diabetes.1,2
Therefore, it is most unsatisfactory that current therapeutic approaches are rather empiric,
symptomatic, and clearly inefficient.1,3,7,16

The lack of fully validated, adequate treatment options mainly reflects our poor understanding
of the pathogenetic mechanisms underlying diabetic gastroenteropathies. These disorders are
broadly regarded as consequences of autonomic dysfunction particularly affecting vagal
control.3,17 However, the pathomechanism of diabetic gastroenteropathy is multifactorial2,3,
16,18,19 and involves changes in most cell types contributing to the regulation of
neuromuscular functions of the gastrointestinal tract including enteric neurons (particularly
those producing the inhibitory neurotransmitter nitric oxide (NO)),20 sympathetic input to the
myenteric plexus,21 viscerosensory pathways,6,8 mucosal endocrine cells,22,23 smooth
muscle cells24-26 and interstitial cells of Cajal (ICC).19,27 The purpose of this review is to
provide an integrated view of the cellular pathologies, their functional implications and likely
causes in diabetic gastroenteropathies, and, particularly, in gastroparesis. It is proposed that
diabetic gastroenteropathies should be considered and treated as a form of gastrointestinal
neuromuscular dystrophy affecting multiple cell types across the tunica muscularis rather than
a disorder that could be managed solely by approaches targeting individual pathophysiological
changes.

Pathophysiological features and therapeutic considerations
All aspects of gastrointestinal motility have been implicated in the pathogenesis of diabetic
gastroenteropathies.1,2,7,16,18 However, the correlation between individual symptoms and
pathophysiologic changes is rather poor and there is high variability both between and within
individuals 16,18.
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Esophageal dysfunction
Dysphagia, regurgitation and heartburn, symptoms of esophageal and lower esophageal
sphincter dysfunction, are typically mentioned as symptoms of diabetic gastroenteropathy but
not all epidemiological studies have supported their significance.2,18 Esophageal transit may
be delayed but does not relate closely to delayed gastric emptying.18 Basal lower esophageal
sphincter tone is diminished and this may be the cause of the higher prevalence of
gastroesophageal reflux disease in diabetes.18,28 However, there is only weak association
between impaired esophageal motility and symptoms18 and it is possible that the latter reflect
abnormalities arising elsewhere in the upper gastrointestinal tract.29

Gastric dysfunction
Gastric symptoms and motor abnormalities are common in patients with both type 1 and type
2 diabetes.28,30 The motor abnormalities are heterogeneous and include both rapid and
delayed gastric emptying (gastroparesis), impaired fundic relaxation and consequent abnormal
intragastric meal distribution, reduced antral tone and motility, slow wave dysrhythmias,
intense and prolonged pyloric contractions (“pylorospasm”) and impaired
antropyloroduodenal coordination.18,28 Accelerated gastric emptying has most frequently
been reported in “early” type 2 diabetes, i.e., in patients with relatively short duration (<2 years)
of the disease and no evidence of autonomic neuropathy.30 Published results are contradictory
as some described rapid solid emptying whereas others found accelerated emptying of liquids.
30 Rapid gastric emptying is not restricted to type 2 diabetes. For example, a subset of patients
with long-standing type 1 diabetes but without gastrointestinal symptoms was also found to
have greatly accelerated solid emptying.5 The significance of rapid emptying is that it may
represent a risk factor for the development of hyperglycemia and poor glucose control.30 From
the human literature it is not clear whether rapid emptying progresses to normal or delayed
emptying. Recent longitudinal studies in nonobese diabetic (NOD) mice treated with
subtherapeutic doses of insulin to prevent excessive ketosis and death demonstrated a
progression from rapid to normal emptying before the development of gastroparesis in a subset
of the animals.31,32 This biphasic time course does not appear to be restricted to diabetic
gastropathy since we found a very similar progression of gastric emptying half-times in mice
exposed to chronic caloric restriction.33 Thus, acceleration during early stages of gastroparesis
may be a general phenomenon and hold important clues about the development of the tissue-
level changes.

Proximal gastric function has mainly been studied in functional dyspepsia with conflicting
results. In general, dyspeptic symptoms and symptoms arising from rapid gastric emptying
such as abdominal pain, diarrhea, dizziness and sweating after a meal, are typically attributed
to impaired fundic receptive relaxation and accommodation.16,34 In type 1 diabetic patients,
reduced accommodation to a liquid meal and lower fasting tone were described.35,36 Recently
similar observations were reported in a mixed population of type 1 and type 2 patients with
gastroparesis and symptoms refractory to prokinetic therapy except that fasting tone was
normal.8 Impaired accommodation in symptomatic diabetic patients may lead to reduced
retention of liquid meal in the proximal stomach throughout gastric emptying.37 In patients
without demonstrable changes in gastric motility, dyspeptic symptoms may also arise from
increased perception of gastric distention.6,16 Indeed, significantly lower sensory thresholds
for discomfort have recently been described in diabetic patients with gastroparesis refractory
to prokinetic therapy in both fasting and postprandial states.8 Thus, dyspeptic symptoms in
diabetes may develop from a combination of upper gastric dysfunction and visceral
hypersensitivity.8

Gastroparesis in diabetes may manifest in delayed emptying of both digestible and indigestible
solids and nutrient liquids.7,38 Delayed gastric emptying of both liquids and solids has been
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demonstrated in diabetic rodents including streptozotocin (STZ)-diabetic rats39 and mice40,
41, spontaneously diabetic NOD mice,31,40,42,43 a type 1 model; and in leptin receptor-
deficient db/db mice, a model of type 2 diabetes.44 Delayed gastric emptying of gavaged barium
was reported in conscious, restrained Chinese hamsters after 2-9 months of spontaneous
diabetes and ketonuria by X-ray series.45 Gastroparesis may lead to disordered glycemic
control, impaired nutrient and drug absorption, as well as symptoms such as fullness, upper
abdominal pain and reduced hunger.16 However, the correlation with individual symptoms is
poor and there is high variability between and within individuals.3,16,18 Delayed emptying of
solids is more common than slow liquid emptying.3 Emptying of liquids depends mainly on
the fundic “pressure pump” mechanism controlled by pyloric opening.46 Abnormally intense
and prolonged pyloric contractions (“pylorospasm”) or loss of normal pyloric relaxation has
been demonstrated both in patients and mouse models of diabetes.16,40,47 In contrast, gastric
emptying of solids is more closely related to phasic antral motility.48 Thus, tests of solid
emptying also provide more information about functions that are frequently impaired in
diabetes. Delayed emptying of solids is caused primarily by antral hypomotility, which is
frequently associated with dilation of the distal stomach.37,49 Reduced smooth muscle
contractions may arise from abnormal smooth muscle function (myopathy),16,26 electrical
slow wave dysrhythmias causing inadequate or abnormal pacing,7,50 or impaired
electromechanical coupling, which may occur when slow wave frequency is abnormally rapid
and plateaus are too short to permit sufficient Ca2+ influx.51 Gastric dysrhythmias including
bradygastrias (slower-than-normal rhythm), tachygastrias (faster-than-normal rhythm) and
mixed arrhythmias are commonly found in diabetic patients.7 Since the orderly orad-to-aborad
propagation of peristaltic “rings” of contraction depend on a similar, organized spread of
electrical slow waves,52,53 dysrhythmias developing along the propagation pathway will
disrupt the normal pattern of slow wave propagation and peristalsis. Disrupted slow wave
propagation may contribute to impaired gastric function both after meals and during phase III
of the interdigestive migrating motor complex, which may lead to bezoar formation.18,28

Gastric myoelectric dysrhythmias accurately predict delayed gastric emptying.54 Conversely,
normal electrical rhythmicity does not guarantee normal emptying and thus
electrogastrography has not achieved widespread acceptance as a diagnostic tool.18,28
Abnormal slow wave activity has also been reported in STZ-diabetic rats55,56 and in Otsuka
Long-Evans Tokushima Fatty (OLETF) rats with type 2-like diabetes.57 In diabetic NOD mice
we have shown focal losses of electrical slow waves.42 Acute hyperglycemia can also cause
various dysrhythmias (particularly, tachygastrias and irregular rhythms) in normal volunteers,
58 type I diabetic patients59 and in OLETF rats57. Elevated blood glucose has also been shown
to cause reversible changes in fundic relaxation and vagal efferent function and lead to antral
hypomotility, reduced phase III activity, increased pyloric contractions and delayed emptying
of the stomach.3,7,18,58,59 Many of these effects are likely mediated by prostaglandins58 acting
via EP3 prostanoid receptors.60 Hyperglycemia may also alter mitochondrial Ca2+ uptake and
thereby affect electrical pacemaking.61 However, the magnitude of hyperglycemia-induced
changes in gastric emptying are rather small and have not been detected in all studies.2
Readjustment of hypoglycemic treatment in type 2 diabetic patients also failed to improve
delayed gastric emptying measured one week after therapy readjustment62. Thus, while
hyperglycemia should be considered a potentially exacerbating factor in diabetic gastropathy,
gastric dysfunction in diabetes cannot be attributed solely to acute hyperglycemic episodes.2

Small intestinal and colorectal dysfunction
Small intestinal and colorectal dysfunctions are common in diabetes, particularly in patients
with gastroparesis.18 However, available data are contradictory as small intestinal transit may
be slow, rapid or unchanged.18 In insulin-treated NOD mice, the transit in the small intestine
of orally administered charcoal suspension was accelerated63 and rapid transit was also
reported in STZ-diabetic mice.41 In contrast, in db/db mice, irregular small intestinal contractile
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activity was associated with prolonged whole-gut transit.44 Similar findings were described in
diabetic Chinese hamsters by barium X-ray series.45 At a tertiary center, up to 60% of diabetic
patients reported constipation, 22% had diarrhea and 20% had fecal incontinence.1 Factors that
contribute to altered colonic motility are unclear but may include delayed transit, impaired
gastrocolic reflex, abnormal internal anal sphincter tone and impaired rectal compliance and
sensation.18 In both NOD mice and OLETF rats, constipation was associated with reduced
neuromuscular neurotransmission in the distal colon.64,65 Interestingly, in the NOD model,
distal colonic hypofunction was accompanied by a paradoxical increase in spontaneous spike
complex activity in the proximal colon,65 which occurred in the absence of reduced inhibitory
responses to electrical stimulation.65 Similar findings were reported in STZ-diabetic rats.66,
67 The mechanism of the proximal colonic hypermotility remains unclear. It may reflect some
form of functional compensation68 for distal colonic hypofunction and consequent
accumulation of fecal material, loss of ICC and consequent depolarization67 or a response to
small intestinal bacterial overgrowth.18

Why are current therapies inadequate?
Current options to treat gastroparesis, the most challenging manifestation of diabetic
gastroenteropathies, focus on preventing flare-ups (e.g., by improving blood glucose control
and thus avoiding hyperglycemic episodes or by eliminating indigestible solids and large
meals), symptom management (with anti-emetics, non-pacing gastric electrical stimulation,
psychological intervention, acupuncture and pain control), countering pathophysiological
abnormalities (see below) and “bypassing” the diseased organ (by jejunostomy feeding or
parenteral nutrition and, in desperate cases, by gastrectomy) (see refs.3,4,28,69 for reviews).
Not surprisingly, treatments designed to fight specific pathophysiological features include the
most widely used modalities. In this group belong pharmacological treatments with prokinetics
(metoclopramide, erythromycin, domperidone and others), the mainstay for gastroparesis
treatment, and high-energy, long-pulse electrical stimulation designed to entrain and pace
electrical slow waves. These treatments stimulate gastrointestinal muscle contraction and,
thereby, rely on improving residual function. Some drugs may improve fundic accommodation
and dyspeptic symptoms.28 Endoscopic injection of botulinum toxin into the pylorus is meant
to reduce pylorospasm. Although many patients have been successfully treated with various
combinations of these therapies, many are also refractory to conventional treatments and
management of advanced gastroparesis and end-stage gastric failure is unresolved. Thus, there
is consensus that diabetic gastroenteropathies in general and gastroparesis in particular still
represent a major therapeutic challenge.3,7,16 This is perhaps not surprising since, as described
above, pathophysiological changes in diabetic gastroenteropathies are complex, variable
among patients and experimental models, do not always correlate with symptoms, and have
so far defied simple mechanistic explanations. It has been argued that the development of better
therapies will require a better understanding of gastrointestinal motor physiology and
pathophysiology. Below we review the control systems that regulate gastrointestinal motility
and present a view that, due to the inherent complexities of these control mechanisms, it may
be difficult to effectively treat diabetic gastroenteropathies solely by targeting specific
pathophysiological mechanisms.

Integrative control of gastrointestinal motility predicts complex
pathogenesis of diabetic dysmotilities

Gastrointestinal motility subserves complex and fundamental physiological processes such as
ingestion and digestion of food, assimilation of its nutrients and waste removal, which are all
critical for life. In order to properly execute these functions, the gastrointestinal motor
apparatus has developed an immensely complex repertoire of mechanisms that ensures proper
accommodation of meals, mixing of food with digestive juices, reduction of particle size and
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precisely timed transport of luminal contents between gastrointestinal organs that are highly
specialized in terms of their digestive and absorptive capabilities. All these functions involve,
and require the integrity of, several “key players”. Smooth muscle cells perform mechanical
work and thus are a sine qua non for motility. The systemic autonomic and enteric nervous
systems (ENS) convey sensory information, exert efferent control, generate reflexes and
stereotyped motor patterns. Finally, interstitial cells of Cajal (ICC), which are the primary
electrical pacemakers for rhythmic contractile activity, set smooth muscle membrane potential
and serve as a bidirectional interface between nerves and smooth muscle.27,53,70-74 These
cell types also receive and integrate information provided by a wide variety of signals including
mechanical stimuli, luminal and absorbed nutrients, paracrine and endocrine signals, as well
as inflammatory and immune mediators. Through their distinct but overlapping functions they
constitute a highly complex and redundant control system.53,70,75 Below we provide a brief
outline of an integrative model for the control of gastrointestinal motility; for additional details
the reader is referred to recent reviews on this subject.27,53,60,71,72,74

Under physiological conditions, smooth muscle contraction, the elementary event central to
all motor functions, largely depends on Ca2+ entry via voltage-sensitive Ca2+ channels.71

Therefore, the effects of all main control mechanisms are ultimately channeled through the
regulation of smooth muscle membrane potential. Smooth muscle membrane depolarization
above the threshold for Ca2+ entry can be brought about by myogenic, ICC-mediated and
neuronal mechanisms and the efficacy of excitation-contraction coupling can be further
regulated by altering the smooth muscle’s responsiveness to input signals71,76. Stretch of the
smooth muscle cells per se causes depolarization via regulation of mechanosensitive ion
channels including Cav1.2, the major source of voltage-dependent Ca2+ influx into smooth
muscle cells; Nav1.5, a tetrodotoxin-insensitive Na+ channel; K2P2.1, K2P10.1 and KCa1.1
potassium channels and various nonselective cation channels.77 The smooth musculature is
organized in layers of smooth muscle cells that are interconnected into larger functional units
by gap junctions. Thus, depolarization at one point will spread to neighboring cells and activate
entire bundles.

A second layer of regulation is provided by ICC, an evolutionarily preserved,78 heterogenous
group of mesenchymal cells identifiable by ultrastructural features79 and the dependence on
stem cell factor (Kit ligand; Kitl) signaling via Kit, a receptor tyrosine kinase.80,81 ICC occur
throughout the digestive tract from the esophagus to the internal anal sphincter.82 They have
been classified according to morphological criteria, e.g., their localization within the muscular
layers (submuscular, intramuscular, myenteric, subserosal) and their basic morphology
(stellate vs. bipolar).79,81 Although the division of labor between ICC classes is not absolute,
52 ICC can also be classified by their primary function as some are mainly involved in electrical
rhythm generation (e.g., multipolar ICC in the myenteric region of phasic muscles),60 whereas
others (e.g., spindle-shaped, intramuscular ICC) mainly contribute to regulation of contractile
activity by generating tone,83,84 by mediating certain types of neuroeffector inputs to the
smooth muscle and pacemaker ICC60,85-87 and by serving as mechanotransducers77,88,89.
ICC regulate smooth muscle membrane potential via electrical coupling60,79 and the
hyperpolarizing gaseous mediator carbon monoxide.27

The third level of regulation is provided by the ENS and, indirectly, the systemic autonomic
nervous system. The latter exerts efferent control via the ENS by two main pathways: by
parasympathetic input from the vagal nuclei and the sacral spinal cord and by sympathetic
postganglionic nerves from the prevertebral ganglia. There is also direct postganglionic
sympathetic innervation of certain smooth muscle cells and blood vessels within the tunica
muscularis externa. Both the vagus and sympathetic nerves carry afferent axons as well. The
ENS is an enormously complex system in its own right: it contains approximately 108 neurons
forming interconnected ganglia and also enteric glial cells. Processes of these cells form
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plexuses in the myenteric region and in the submucosa. ENS neurons can be classified
according to their location, neurochemistry, shape, proportions, connections and function.73
For example, they include primary afferent neurons, excitatory and inhibitory neurons to the
circular and longitudinal muscle layers, ascending and descending interneurons, secretomotor
and vasomotor and intestinofugal neurons.73 ENS neurons are organized into functional
circuits that execute reflex responses, some of which involve even intestinofugal neurons and
the prevertebral ganglia.72 Along the entire length of the gut, ENS pathways form continuous
overlapping networks.73 Besides (relatively) simple reflexes, the ENS may also have “hard-
wired” circuits similar to central pattern generators that may be responsible for organized,
repetitive behaviors such as neural peristalsis and migrating motor complexes (see below).74

Neural control is exerted by action potential-driven neurotransmitter release and, depending
on the neurotransmitters involved, can be excitatory (e.g., acetylcholine, serotonin, substance
P (SP)) or inhibitory (e.g., NO, vasoactive intestinal polypeptide (VIP), ATP).73

Depending on the neurotransmitters and the anatomical region, neural control of smooth
muscle function is either direct or indirect via spindle-shaped intramuscular ICC and related
ICC in the deep muscular plexus region of the small intestines.85 ICC may transmit the effects
of neural inputs to the smooth muscle cells by electrical coupling or paracrine mediators90.
Intramuscular ICC mediate some components of both excitatory and inhibitory neuromuscular
neurotransmission. Evidence for these functions comes from analysis of postjunctional
responses in the fundus, lower esophageal and pyloric sphincters and colon of mice and rats
with hypomorphic mutations in Kit (W/Wv mice and Ws/Ws rats) or Kitl (Sl/Sld mice) and
consequent reduced populations of intramuscular ICC85,91. Similar findings were also obtained
in the small intestines of mice where ICC networks had been depleted by injections of
neutralizing anti-Kit antibodies.92 A role for ICC in enteric neuromuscular neurotransmission
is further supported by the presence of proteins involved in neurovesicle docking to presynaptic
membranes in nerve fibers in close apposition to ICC and the expression of postsynaptic density
proteins by ICC, which together form specialized junctions closely resembling synapses.85

ICC involved in neurotransmission also express several genes related to neurotransmitter-
mediated signal transduction93 including those related to nitrergic signaling.94,95 Functional
innervation of deep muscular plexus ICC is evidenced by their internalization of neurally-
released, receptor-bound SP96 and translocation of protein kinase C(PKC)-ε in response to
muscarinic activation.97 ICC mediate cholinergic and nitrergic responses, at least partially, but
in the colon and stomach, purinergic inhibition and noncholinergic (peptidergic) excitation are
rather preserved in their absence90,91. Other investigators failed to find evidence of impaired
nitrergic neuromuscular neurotransmission in the lower esophageal, pyloric or internal anal
sphincters or the whole stomach of W/Wv mice83,84,98,99 or in Ws/Ws fundus.100 Instead, these
studies suggested a role for intramuscular ICC in maintaining smooth muscle tone or regulating
excitability. These discrepancies remain to be resolved.

In the murine stomach, intramuscular ICC also participate in the chronotropic regulation of
electrical slow waves by neural mechanisms.86 Specifically, they mediate cholinergic inputs
to pacemaker ICC that reside in the myenteric region whereas they do not seem to be required
for tachykininergic control of slow wave frequency.87 Moreover, intramuscular ICC may help
maintain the proximal-to-distal slow-wave frequency gradient by contributing to the
metabolism of acetylcholine87 and thereby preventing excessive chronotropic stimulation in
the antrum during vagal stimulation.

Interaction between neural control and ICC has also been demonstrated in the context of
afferent signaling. Similarly to smooth muscle cells, ICC can also sense and respond to
mechanical stimuli, although these are the least well understood functions of ICC. For example,
ICC have been shown to mediate the effects of distention to local enteric98 and vagal neuronal
circuits.88,101 The latter function depends on a mutual trophic support between ICC and certain
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vagal nerve terminals: intramuscular ICC are required for the development and, perhaps,
maintenance of vagal intramuscular arrays88,101 while survival of the ICC innervated by vagal
afferent nerves depends on the integrity of the vagal fibers.102 However, ICC can also transduce
passive stretch into excitatory input to pacemaker ICC in the stomach without the involvement
of enteric neuronal activity, possibly by releasing prostaglandins.89 The mechanisms
underlying mechanosensory functions of ICC are not clear but likely involve expression of
mechanosensitive ion channels (e.g., Cav1.2 and Nav1.5)77.

Phasic contractile activity is critical for mixing the food with digestive juices, trituration and
aborad propulsion of contents. This function is also ensured by multiple control mechanisms.
The most robust pacemaker mechanism for rhythmic contractions is provided by relatively
monotonous oscillations in membrane potential termed electrical slow waves, which are
omnipresent in phasic muscles of the gastrointestinal tract. Although electrical slow waves can
be recorded from the smooth muscle, this activity ultimately originates from ICC60. The
elementary event underlying slow wave activity is the so-called unitary potential; a small,
randomly occurring depolarization reflecting release of small quanta of Ca2+ from the smooth
sarco-endoplasmic reticulum via inositol 1,4,5-trisphosphate-receptor (IP3R) channels and
subsequent activation of pacemaker conductances52,60,103. The molecular identity of the
pacemaker channel is unclear; both nonselective cation channels (NSCC) and Cl− channels
have been proposed for this role52,60,104. The intracellular Ca2+ signals indirectly govern the
openings of the NSCC by stimulating the influx of Ca2+ into energized mitochondria61. Since
mitochondria are not in equilibrium with the cytoplasm, they take up more Ca2+ than the
amount released through the IP3R, causing a net decrease in [Ca2+] in the vicinity of the
pacemaker ion channels, which respond by increasing their open probability60,61. Increases in
intracellular [Ca2+] inhibit the pacemaker NSCC by a calmodulin-dependent mechanism.105

The unitary potentials reflect ion fluxes in confined subcellular spaces called pacemaker units
bounded by sarco-endoplasmic reticulum, mitochondria and the cell membrane106. The
generation of slow waves requires the synchronization of many such pacemaker units, which
is achieved by the summation of unitary potentials, subsequent activation of voltage-sensitive,
dihydropyridine-insensitive Ca2+ currents, which lead to the rapid upstroke of slow waves and
the recruitment of additional IP3Rs by Ca2+-induced Ca2+ release60,103. Full development of
slow waves most likely requires the cooperation of several other ion channels.

An important property of the voltage-sensitive, dihydropyridine-resistant Ca2+ currents is that
their activation by depolarization of electrically coupled, neighboring ICC (or electrical
stimulation) can phase-advance slow waves. Thus, these voltage-dependent channels are
ultimately responsible for slow wave propagation by sequentially triggering the pacemaker
mechanisms in the network of electrically coupled ICC, which are all capable of producing
spontaneous, rhythmic activity.107 This mechanism also explains how slow waves can
propagate in a regenerative fashion, i.e., without decrement, throughout large gastrointestinal
organs.53

In pacemaker ICC networks occupying any small piece of phasic muscle tissue, slow waves
are initiated at random places and spread in all directions with similar velocity.53,103,108
However, in whole organs or larger pieces of excised tissue, they originate from a dominant
pacemaker site. In the stomach, this pacemaker site is usually located in the orad corpus along
the greater curvature.109 Slow waves spread from this site both circumferentially, across the
thickness of the muscle layers, and in the aborad direction using the aforementioned
regenerative mechanisms. Since regenerative propagation depends on phase-advancement of
slow waves generated by downstream pacemaker cells, the direction is determined by intrinsic
frequencies of pacemaker ICC in the pathway of propagation. In other words, anally directed
slow wave propagation is ensured by the orad-to-aborad (fast-to-slow) gradient in the intrinsic
frequencies of pacemaker ICC.110 A similar frequency gradient and voltage-dependent
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entrainment also appears to be responsible for the active spread of slow waves across the
thickness of the circular muscle layer via ICC that lie within intermuscular septa111. The
orderly propagation of electrical activity down the length of the tubular gastrointestinal tract
also requires anisotropic slow wave propagation velocities that allow the rapid circumferential
spread of slow waves before their wavefront can advance aborally. It has been proposed that
the faster circumferential entrainment of pacemaker ICC in the stomach may be due to the
rapid propagation of electrical signals along the low-resistance pathway provided by
intramuscular ICC that are embedded within, and run parallel to, the circular smooth muscle
cells52,107. An alternative hypothesis is that circumferential propagation may not be
regenerated at every point during the organoaxial spread after the initial, omnidirectional
propagation from the dominant pacemaker site. Rather, the initial ring of activation that
develops in the orad corpus would spread aborally as a near-simultaneous, circumferential
wavefront utilizing the myenteric ICC network and the orad-to-aborad frequency gradient.53

Slow waves regulate phasic contractile activity by periodically bringing the smooth muscle
membrane potential close to the activation threshold for voltage-dependent Ca2+ entry into
smooth muscle cells which, if sufficiently large, result in mechanically productive
contractions60,71. Electromechanical coupling depends on the magnitude and duration of
suprathreshold depolarization and the presence or absence of the slow-wave-associated,
regenerative Ca2+ action potentials. Besides the slow wave depolarizations, depolarization
from muscle distension, net neuronal excitation or smooth muscle sensitization by humoral
factors can trigger slow wave-associated contractions.53 Thus, slow waves only determine the
maximum achievable frequency of phasic contractions and not necessarily their actual rate.
Slow wave-driven phasic, propagating motor patterns underlie propulsive behavior in the distal
stomach and duodenum e.g. postprandially, when the increased electromechanical coupling is
triggered by the presence of the food. A similar phenomenon also occurs in intact, conscious
animals during fasting, when tonic excitation from the ENS causes increased electromechanical
coupling and slow wave-driven contractions in a section of the gut and this increased contractile
activity migrates slowly aborally as a “migrating myoelectric complex” (MMC).112 Although
MMC is influenced by humoral and vagal input, it is likely orchestrated by a neural pattern
generator.73

Ca2+ action potentials can also occur and propagate independently of slow wave activity. In
isolated tubular and flat sheet segments of the feline duodenum, this activity was found to be
associated with peristaltic movements, which propagated both orally and aborally.113 These
electrical potentials most likely reflected migrating ENS excitation that was strong enough to
depolarize smooth muscle cells and trigger action potentials without the help of slow waves.
53 Similar mechanisms likely underlie mass movements in the colon.114

In mutant rodents deficient in pacemaker ICC slow waves are absent from the tissues.115,116

Survival of these animals depends on a compensatory activity resembling Ca2+ action
potentials as it can be inhibited by L-type Ca2+ channel blockers, which do not affect slow
waves. This activity most likely originates from the smooth muscles70,91,117; it is rather
irregular, has a low amplitude, shows poor tendencies to propagate aborally118,119 and only
has a weak net propulsive effect.118 Nevertheless, in response to significant in vitro distension,
these slow wave-deficient tissues develop rhythmic peristalsis likely from the cooperation
between this latent smooth muscle-derived pacemaking and ENS activity.70 The residual
myogenic electrical rhythm also appears to be sufficient to support MMC activity.120

Interestingly, the overall frequency of this “surrogate” rhythmicity is not significantly different
from that of normal electrical slow waves.119 However, it is important to note that this
compensatory activity have only been observed in full form in constitutive mutant animals and
comparable loss of pacemaker ICC induced pharmacologically in postnatal mice invariably
results in more dramatic loss-of-function.80 Thus, adaptation of the smooth muscle cells and
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unmasking or developing their latent pacemaker activity may require the acquisition of new
capabilities during intrauterine development.75

The foregoing have important implications for the expected behavior of the gastrointestinal
neuromuscular apparatus under pathological conditions. Firstly, the inherent complexity
affords a significant functional reserve to the system; i.e., it ensures that dysfunction of any
individual component does not necessarily result in the failure of the entire control apparatus.
Thus, the relationship between injury and loss-of-function cannot be expected to be linear:
within the range of compensation, damage to any particular component is likely to result in
dysfunction that is less than predicted; whereas beyond a certain limit, injuries may become
catastrophic, similarly to how heart or kidney disease can become decompensated. The limits
of functional compensation may be influenced by transient or environmental factors such as
acute changes in blood glucose levels,18 infections,7 stress121 and other psychological factors,
122 which can precipitate bouts of symptoms or, when reduced, bring about improvement.
This concept is consistent with clinical observations that even severe episodes of symptoms
from diabetic gastroparesis can remit or even disappear altogether,24 even though the condition
of the tissue is unlikely to change rapidly enough to account for the change in the clinical
manifestation. The tendency for gastroparesis to wax and wane may also make it hard to
distinguish effective treatment from spontaneous recovery and failed treatment from relapse.
Another consequence of redundancy and overlapping functions is that damages to individual
components of the control system do not necessarily lead to distinct dysfunctions. Thus, the
detection of a particular abnormality (e.g., delayed gastric emptying) cannot predict whether
its main underlying cause is myopathy, neuropathy, ICC defect or various combinations
thereof. Finally, a highly complex regulatory system is also likely to display greatly variable
or even seemingly inconsistent pathophysiological changes depending on the relative
involvement of various components of the control apparatus. For example, impaired ICC
function in the fundus may cause accelerated gastric emptying, whereas a similar change in
the antrum may cause delayed emptying; and when they occur together, they may make the
functional outcome difficult to predict. Thus, the best therapeutic approach may not be to
stimulate fundic relaxation or antral contractions, respectively, but, rather, to improve ICC
function, which may take care of both problems.

In summary, the cooperation between the smooth muscle, ICC and extrinsic and intrinsic neural
control provides for an intricate and highly redundant control system that has great functional
reserve. However, it must be emphasized that while loss or dysfunction of any component may
be sufficiently compensated by other mechanisms, the compensated system will have reduced
functionality and, perhaps more importantly, reduced functional reserves to counter any new
challenge. In the next section we review changes to key regulatory cell types that could reduce
the functional capacity of the gastrointestinal motor apparatus in diabetic gastroenteropathies.

Cellular dystrophy and degeneration in diabetic gastropathy
Extrinsic nerves

The first mechanistic investigations into diabetic gastrointestinal dysfunction suggested a
major role for irreversible autonomic neuropathy affecting primarily the vagus nerve. Studies
on the thoracic vagus of diabetic patients mainly showed Wallerian degeneration and, in some
cases, segmental demyelination.123 However, most of the myelinated fibers in the cervical
vagus do not go to abdominal viscera so the relevance of these findings to gastroenteropathies
is uncertain at best.24,123 In the wall of the esophagus, there was swelling, irregularity of caliber
and disruption of parasympathetic fibres both within the myenteric plexus and in the extrinsic
trunks.123 Subsequent studies focusing on unmyelinated fibers of the vagus yielded
inconsistent results. For example, in a single patient that underwent gastrectomy for intractable
gastroparesis, Guy et al. described a severe reduction in the density and diameter of
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unmyelinated axons, thickened basal lamina of Schwann cells, dense collection of collagen
fibrils and abnormal endoneurial capillaries.17 However, others failed to detect similar changes
in larger series.24,124,125 Vagal unmyelinated fibers were reduced in size and number and
contained axonal glycogenosomes and axoplasm sequestrations in spontaneously diabetic
BioBreeding (BB) rats.126 Guo et al. detected increased apoptosis in the sensory nodose
ganglion of STZ rats127. In the same model, Tay and Wong described two phases of
degeneration in the dorsal motor nucleus of the vagus nerve.128 After 3-7 days, degenerating
dendrites had electron-dense cytoplasm with dilated rough endoplasmic reticulum and swollen
mitochondria, while degenerating axon terminals showed clustering of small spherical
agranular vesicles and swollen mitochondria. Later changes included macrophage infiltration
and, after 9-12 months, a second wave of degeneration similar to the first wave occurred.
However, STZ has been found to be able to elicit significant neuropathologic changes
independent of diabetes and by directly inducing the formation of reactive oxygen species
(ROS).129 STZ can also directly affect renal, hepatic and muscle tissues.129 Thus, and
especially in view of the rapid development of the neuronal degeneration, findings in STZ-
diabetic animals must be interpreted with caution. In summary, degenerative changes in parts
of the vagus nerve that innervate abdominal viscera may occur in both patients and animals
with diabetes but their true significance is still unclear.

Diabetic autonomic neuropathy also affects the prevertebral superior mesenteric and celiac
sympathetic ganglia. In both patients and animal models, markedly enlarged distal axons and
nerve terminals have been described130,131 and termed as neuroaxonal dystrophy.130 In
postmortem samples from diabetic patients, enlarged cell bodies containing vacuoles and
multilamellar bodies were also found.131 Neuroaxonal dystrophy may represent aberrant
intraganglionic sprouting and occurs without cell death.132,133 This pathological change was
only found in insulinopenic models such as STZ-diabetic mice and rats, NOD mice and BB/
Worcester (BB/W) rats but not in the type 2 models db/db mice, BBZDR/W and Zucker
Diabetic Fatty rats, suggesting that low insulin, C-peptide or insulin-like growth factor-I (IGF-
I) may play a role in their pathogenesis.21,132,134,135 In a recent study, significant loss of
tyrosine hydroxylase-positive intramural fibers was reported in a patient with severe, poorly
controlled, long-standing diabetes and intractable symptoms requiring the implantation of
gastric stimulator and a more modest decline in another gastroparetic patient with well-
controlled, short-term diabetes (Figure 1).25 Degeneration of intramural adrenergic fibers was
also reported in the jejunum of a patient with long-standing, complicated diabetes136 and in
the ileum of STZ-diabetic rats.137 While these are certainly compelling results, the clinical
relevance of sympathetic injury is not entirely clear.16 Nevertheless, these changes may very
well contribute to overall reduced functional capacity of the affected organs.

Although pain is a significant symptom of diabetic gastropathy, very little information is
available about gastric spinal nerves. In one study, increased apoptosis was reported in T10-
L2 dorsal root ganglia from STZ-diabetic rats127 suggesting a role for degenerative changes
in gastroparesis-associated pain. However, this finding remains to be confirmed.

ENS
Diabetes-associated abnormalities in the ENS have recently been reviewed.20 In this section
we mainly focus on dystrophic changes, particularly those affecting nitrergic innervation,
which seems to be most consistently observed ENS injury in diabetes.

Early studies in STZ-diabetic rats suggested that diabetes-associated changes in the ENS
depended on the neurotransmitter and also on the region of the gut.138,139 For example, while
production of the inhibitory neurotransmitters NO, VIP and galanin tend to decrease in
diabetes,20 neuropeptide Y is either increased or unchanged20,138. Cholinergic innervation is
also increased or unchanged.20,137 Serotonin content may decrease in the proximal
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gastrointestinal tract and increase in the colon.20,137,138 Reports on changes in SP are
inconsistent.20,136,138,140 Calcitonin gene-related peptide was mainly found to be reduced in
diabetes,20,139 although not in all parts of the gastrointestinal tract.139 This rather complex
picture is further complicated by time-dependent changes.20,138,139. Most authors interpret
these findings as an indication of an altered balance between inhibitory efferent
neurotransmission (which is generally reduced in diabetes) and excitatory mechanisms (which
either increase or do not change).20,47

Since neurons and nerve fibers are frequently identified and quantified on the basis of their
neurochemical coding, changes in a particular neuron or nerve class may reflect altered
neurotransmitter synthesis and release, abnormal neuron/nerve fiber number, or both. To detect
true neuronal or fiber degeneration, immunostaining for a general neural marker, such as
protein gene product (PGP) 9.5 (also known as ubiquitin carboxy-terminal hydrolase L1
(Uchl1)), general histological staining or electron microscopy is required. In untreated,
spontaneously diabetic Chinese hamsters, gastrointestinal hypomotility was associated with a
reduction of myenteric ganglia in the proximal third of the intestines.141 Ultrastructural analysis
indicated degeneration of distal, unmyelinated axons with glycogen particles, aggregates of
neurofilaments, dense residual bodies, swelling and frequent lamellar inclusion bodies.45 In
STZ-diabetic rats, reduced density of PGP 9.5 positive nerve fibers was noted in the circular
and longitudinal muscle layers of the proximal colon, while myenteric ganglia were preserved.
67 Electron microscopy revealed swollen mitochondria and reduced synapse-like junctions
with ICC. In gastrectomy specimens from patients with long-standing type 1 diabetes and end-
stage gastric failure, myenteric neurons showed vacuolation and basophilic inclusions and the
axons appeared ballooned.142 Reduced density of PGP 9.5 positive intramural nerve fibers
was described in the jejunum of a patient with poorly controlled type 1 diabetes complicated
by nephropathy, neuropathy and severe gastroparesis.136 This change was accompanied by a
decrease in nerve fibers positive for neuronal NO synthase (nNOS), VIP, pituitary adenylate
cyclase-activating polypeptide and tyrosine hydroxylase. SP immunoreactivity was increased.
PGP 9.5 positive fibers were also reduced in the longitudinal muscle of the appendix in six
type 1 diabetic patients143 and in the stomach of a patient with severe, poorly controlled, long-
standing diabetes, intractable gastroparesis and malnutrition (Figure 1).25 In both studies,
nNOS immunoreactivity was also reduced. In contrast, Yoshida et al. detected no abnormalities
in enteric nerves or neurons in 13 autopsy and 3 antrectomy specimens from patients with long-
standing diabetes.125 Similarly, no significant changes were detected in myenteric ganglia or
intramural fibers in gastrectomy samples from four long-standing type 1 diabetic patients with
severe, intractable gastroparesis and smooth muscle degeneration24 and in a patient whose
gastroparesis developed on the background of a well-controlled, relatively short-term diabetes.
25 Nakahara et al. also failed to detect loss of intramural nerve fibers or myenteric neurons in
the colons of seven type 2 diabetic patients.144 No reduction in general neuronal markers (PGP
9.5, synaptophysin, microtubule-associated protein-2) was observed in several animal models
including BB/W rats, STZ-diabetic and NOD mice by Western immunoblotting,
oligonucleotide microarrays or quantitative real-time polymerase chain reaction (qRT-PCR)
(Figure 2).26,40,145 In another study, NOD mice were reported to have reduced nerve fibers
and myenteric ganglia but this conclusion was based on comparing diabetic NOD mice with
BALB/c controls, while nondiabetic and diabetic NOD mice were not different.146 Clearly,
this observation reflected strain differences rather than effects of diabetes.

Reduced expression or activity of nNOS is perhaps the most consistent change affecting the
ENS in diabetes although results showing no change25,66,67 or even increased expression39,
147 have also been reported. Reduced nNOS mRNA and protein expression, as well as reduced
numbers of nNOS-expressing neurons were observed in BB/W rats,145,148 STZ-diabetic rats,
149,150 STZ-diabetic40,41 and NOD mice31,40. In one study where no decrease in nNOS
expression was reported, female (but not male) STZ-diabetic mice with delayed gastric
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emptying had reduced levels of the active dimeric form of nNOSα.39 Reduced nNOS-
expressing nerve fibers were also reported in the stomach, jejunum and appendix of long-term
type 1 diabetic patients25,136,143 and in the stomach of type 2 patients.140 Decreased nitrergic
neurotransmission upsets the balance between inhibitory and excitatory efferent control and
leads to reduced nonadrenergic-noncholinergic relaxation responses in the gastrointestinal
muscles.40,47,145,148 Thus, reduced nNOS expression or activity may underlie impaired
fundic and pyloric relaxation, delayed gastric emptying and other dysmotilities seen in diabetes
(see above). However, trials with pharmacological agents that increase NO levels or effects
(e.g., nitroglycerin and sildenafil) have been disappointing due likely to the simultaneous,
opposing effects of NO on gastric emptying via stimulating proximal gastric relaxation (which
encourages storage) and pyloric relaxation (which increases emptying).151 This is a good
example of how complex physiological mechanisms underlying organ-level functions can
defeat pharmacological interventions targeting one particular mechanism or another.

As mentioned above, reduced NO levels could reflect impaired nNOS gene expression,40,
145 posttranslational changes (e.g., nNOS dimerization)39 or axonal transport47 without a loss
of neurons or could be the consequence of degenerative changes in the ENS.25,136,143 Clearly,
responsiveness to pharmacological interventions targeting nNOS-expressing neurons would
be expected to be quite different under these two circumstances. Indeed, while insulin treatment
initiated 8 weeks after the induction of diabetes with STZ was able to restore nNOS mRNA,
axonal protein levels and pyloric relaxation,40,47 the same treatment started 12 weeks after
STZ failed to do so47 and the cause of this failure was a progressive apoptosis of nitrergic
neurons after ~12 weeks of diabetes.47 These findings suggest that after a certain period of
poorly controlled diabetes, reversible functional abnormalities may give rise to
neurodegenerative changes that may be harder to treat by conventional pharmacological means.

Smooth muscle
Diabetic stomachs tend to have reduced ability to distend in response to meal or stretch16
suggesting changes in the physical properties of the smooth musculature. Dystrophic changes
in gastric smooth muscles were first described in detail in two patients with end-stage gastric
failure and severe weight loss arising from long-standing, complicated diabetes requiring
gastrectomy.142 Light microscopy indicated the presence of scattered, homogenous, round
eosinophilic bodies (“M” bodies) and subtotal smooth muscle cell atrophy with intercellular
collagen accumulation. By electron microscopy, the “M” bodies were transformed smooth
muscle cells with no nucleus or nuclear envelope and contained electron-dense granules
resembling clumped heterochromatin. Many smooth muscle cells contained autophagosomes
or signs of “controlled death”.142 Very similar findings were reported later in gastrectomy
samples from four patients with intractable gastroparesis and severe weight loss.24 The
eosinophilic bodies, which seem to be specific for diabetes,142 were also detected in the
esophagus, stomach, small and large intestine, bladder and prostate of diabetic patients with
autonomic neuropathy.131 Recently, Pasricha et al. reported diffuse smooth muscle atrophy
and fibrosis in one of two patients requiring the implantation of gastric electrical stimulator
for therapy-resistant diabetic gastroparesis (Figure 1).25 Although both patients had severe
refractory symptoms and malnutrition, only the patient with poorly controlled, long-standing
diabetes had smooth muscle involvement. In contrast, no obvious smooth muscle pathology
was detected by more conventional histological techniques in a larger series of (mainly
postmortem) samples from patients with long-standing diabetes including five patients with
gastroparesis.125

Smooth muscle involvement has also been detected in several animal models of diabetes. In
untreated, spontaneously diabetic Chinese hamsters, distension and reduced tone of the small
intestines was accompanied by a reduction in the thickness of the tunica muscularis, infiltration
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of fibrous connective tissue, degeneration of smooth muscle cells and morphological changes
suggestive of early stages of apoptosis.141 In NOD mice we reported decreased dry mass of
gastric corpus+antrum tunica muscularis after ~60 days of untreated diabetes, which was
preceded by a significant decline in smooth muscle myosin heavy chain 11 (Myh11) expression
detected by hybridization to oligonucleotide microarrays (Affymetrix Mouse Genome 430.2
GeneChips) and by qRT-PCR.26 Production of Kitl by the smooth muscles was also
significantly reduced (Figure 2). Decreased Kitl expression in the small intestine and colon
and reduction in the amplitude of spontaneous contractions of the small intestine were also
described in 12-week-old db/db mice, a type 2 model.44 Animal models also permitted the
detection of more subtle signs of smooth muscle impairment. For example, In BB/W rats,
gastric circular muscle contractions elicited by muscarinic (carbachol) or tachykininergic (SP)
stimulation were reduced despite normal neural release of acetylcholine and normal voltage-
dependent Ca2+ entry.152 Induction of IP3 release and PKC translocation by carbachol were
also diminished. Furthermore, in both STZ-diabetic rats and db/db mice, there was an early
and specific reduction in the muscarinic control of contraction of antral smooth muscles at a
post-synaptic level, which was associated with an alteration of the GTP-binding proteins
coupled to muscarinic receptors.153 Thus, from the human and animal studies it appears that
the smooth muscle involvement is likely an important factor in proximal diabetic
gastroenteropathy but dramatic atrophy and fibrosis detectable by histology may only occur in
advanced, poorly controlled (or, in animals, untreated) cases. Massive fibrosis may signal end-
stage gastric failure and may in part be the cause of therapy resistance. However, these profound
changes are likely to be preceded by a more subtle deterioration in intracellular pathways
mediating neurotransmitter responses and a decrease in contractile protein expression. These
changes could interfere with proper contractile responses and may eventually lead to a
catastrophic loss of function.

In contrast to the dystrophic changes in the proximal gut, Forrest et al. detected smooth muscle
hypertrophy in the colon of STZ-diabetic mice and this change was accompanied by increased
force of spontaneous and induced contractions.66,67 We observed a similar hypertrophy in the
colon of diabetic NOD mice that accompanied constipation and accumulation of fecal material
in the proximal colon.65 Nowak et al. noted a 39% increase in intestinal smooth muscle mass
in STZ-diabetic rats.154 The diabetic intestine was also significantly longer. Similarly to the
increased contractility discussed earlier, the mechanism of the smooth muscle hypertrophy in
the distal gut of diabetic rodents remains unclear. It may reflect differences in how different
parts of the gastrointestinal tract react to the metabolic changes associated with diabetes67 or
functional compensation for the distal colonic hypofunction and constipation similarly to how
partial obstruction leads to hyperplasia and hypertrophy aborad to the affected segment.68
Alternatively, since reduced innervation was found in both the STZ rats and the NOD mice,
65,67 it may have reflected denervation-induced smooth muscle hypertrophy (discussed in ref.
24). The exact mechanism remains to be elucidated.

ICC
The role of ICC in diabetic gastroenteropathies was only recognized relatively recently.42,
136 Since then, several studies have reported depletion of ICC networks in both patients and
various animal models. The pathophysiological significance of ICC loss in diabetes has been
recently reviewed.19 In this section we discuss available data on ICC involvement in diabetic
gastroenteropathy and its animal models including new findings.

In our studies, untreated NOD mice, a well-established model of human type 1 diabetes
mellitus, developed constipation and extended gastrointestinal tracts distal to the gastric corpus
6-8 weeks after the onset of diabetes.42 Gastric motor dysfunction manifested in delayed
emptying of solids, electrical dysrhythmias and reduced postjunctional electrical responses. In
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two studies, 20 of 21 long-term (~60-day) diabetic NOD mice had clearly reduced Kit+ ICC
networks by immunohistochemistry in their corpus and antrum relative to the corresponding
regions in their age-matched, nondiabetic littermates (Figure 2).26,42 ICC depletion was more
frequently focal than diffuse and could be detected both in the myenteric region and within the
muscle layers. The focal lesions were variable in size and locations but were more frequent in
the distal stomach. The decrease in ICC number was also verified by electron microscopy.42
Remaining ICC only had minor abnormalities and we found no signs of apoptosis, necrosis or
mononuclear infiltration. Microarrays and qRT-PCR indicated a significant decrease in the
expression of both Kitl and Kit ~60 days after the onset of diabetes and these changes occurred
after the aforementioned decline in Myh11 expression.26 In the fundus ICC were not depleted
although the typical close associations between intramuscular ICC and enteric nerve terminals
were missing due to the accumulation of extracellular matrix. We also detected an invasion of
myenteric ICC deep into the fundus, which normally lacks this class.42 ICC were reduced in
foci across the thickness of the entire colon by both Kit immunohistochemistry and electron
microscopy.65 The latter technique revealed no obvious degenerative or inflammatory changes.
In the distal colon, ICC loss was associated with impaired excitatory and inhibitory
neuromuscular neurotransmission. However, in the proximal colon paradoxically augmented
phasic activity and hyperexcitability were detected, which were interpreted as (possibly
myogenic) compensatory changes that developed in response to the distal hypomotility and
severe constipation. In another study, NOD mice were kept on subtherapeutic insulin
treatments to prevent severe hyperglycemia (>500 mg/dL) and ketosis without normalizing
blood glucose levels.31 Under these conditions, 20% of the diabetic mice developed delayed
gastric emptying of solids within 8 weeks of diabetes. Kit protein expression measured by
Western immunoblotting in the gastric corpus was significantly reduced in the gastroparetic
mice but not in their age-matched diabetic controls without delayed emptying. Yamamoto et
al. observed delayed gastric emptying of solid food, increased whole-gut transit time of
gavaged dye and small and irregular small intestinal contractile activity in 12-week-old db/db
mice.44 These functional changes were accompanied by a decreased density of ICC in the
antrum, proximal and distal small intestine and the midcolon. All ICC classes were diffusely
affected. The authors found no evidence of apoptosis. Others detected reduced ICC by electron
microscopy in the gastric antrum of 12-week STZ-diabetic rats with significant gastric
dysrhythmias.56 The remaining ICC had reduced gap junctions and organelles, swollen
mitochondria, dilated endoplasmic reticula, vacuoles, myelin figures and broad perinuclear
spaces and were separated from other cells by wide extracellular spaces. In another study in
the stomach of STZ-diabetic rats, a significant reduction in the density of intramuscular ICC
was observed but myenteric ICC remained unaffected. The surviving ICC showed several
ultrastructural abnormalities including disrupted lamellar bodies, swollen mitochondria,
vacuolation and loss of connections with nerves. The latter also occurred in the fundus.155 In
the colon of the same model, ICC were significantly reduced within the muscle layers and on
the submucosal surface of the circular muscle but not in the myenteric region.67 Electron
microscopy indicated swollen mitochondria, lamellar bodies, depletion of organelles, loss of
synapse-like connections with enteric nerves and transformation into fibroblast-like cells. It is
remarkable that marked degenerative changes were only found in the residual ICC in the STZ-
diabetic rats but not in the spontaneously diabetic mice.42 While species differences may also
account for these differences, a direct cytotoxic effect of STZ should also be considered.129

In the first report on ICC in human diabetes, He et al. described ICC loss in a jejunal biopsy
taken from a patient with 15-year, poorly controlled type 1 diabetes complicated by
nephropathy, neuropathy and severe gastroparesis.136 ICC were completely missing from the
inner two-thirds of the circular layer and severely reduced in the myenteric region and the outer
third of the circular muscle. Forster et al.156 examined gastric wall biopsies taken from the
greater curvature of the gastric antrum during surgeries for the placement of stimulating
electrode in patients refractory to conventional medical therapy. Profound loss of ICC was
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found in 4 of 9 biopsies from diabetic patients and modest depletion was noted in one. Patients
with severe ICC loss had more tachygastria, higher symptom scores and showed less
improvement to electrical stimulation than patients with normal ICC. More recently the authors
reported that 9 of 23 diabetic patients with refractory gastroparesis had no ICC in their antrum
biopsies; ICC loss also occurred in the corpus but was less frequent.157 Loss of ICC correlated
with electrical dysrhythmias but not with the degree of gastroparesis as assessed by symptom
scores.158 However, since patients with 20-100% residual ICC were all scored as normal, the
reference group may have contained some patients with abnormally reduced ICC populations.
In antral tissues from 42 diabetic patients who underwent gastrectomy for gastric cancer,
Iwasaki et al.140 detected a significant reduction in intramuscular ICC in the circular muscle
layer in 8 patients with severe diabetes defined by HbA1c levels exceeding 8%. No ICC loss
was found in the myenteric region or in patients with milder forms of the disease. The mean
ICC number did not correlate with the duration of diabetes, presence of other complications,
drugs or insulin use. Recently a 30-40% reduction in intramuscular ICC was described in the
anterior surface of the mid-corpus of a malnourished patient with therapy-resistant
gastroparesis and long-standing, poorly controlled diabetes (Figure 1).25 Similar changes were
not detected in another patient whose gastroparesis was associated with short and well-
controlled diabetes. In a study by Nakahara et al., seven colon cancer patients with type 2
diabetes were found to have significantly reduced ICC (to ~40% of controls).144 The ICC loss
did not correlate with constipation. In a recent study, Miller et al. investigated whether appendix
specimens routinely obtained during abdominal surgeries to prevent potential future
complications could be used as investigational tools or indicators of ICC status elsewhere in
the gastrointestinal tract.143 In normal, noninflamed appendices, ICC were detected in the
circular and longitudinal muscle layers. In six type 1 diabetic patients, the volume of ICC in
the circular muscle layer was significantly reduced but no difference was found in the
longitudinal muscle. While this result indicates that diabetes also affects ICC in the appendix,
establishing the utility of the appendix as a model or indicator needs further studies.

In summary, both the animal and patient data strongly support the notion that loss of ICC is
common in gastrointestinal complications of diabetes – in fact, one of the most consistently
observed changes in both type 1 and type 2 diabetes. ICC depletion probably does not occur
in isolation and may be accompanied by dystrophy of the extrinsic and enteric nerves and
smooth muscle, as illustrated in Figures 1-2.25,26 The degree of cellular dystrophy and tissue
remodeling seems to be related to the severity and duration of diabetes25,140 and, not
surprisingly, is the most severe in advanced forms of gastroenteropathies.25,136 This
relationship is also evident from animal studies. For example, while ~95% of untreated, long-
term diabetic NOD mice showed loss of ICC26,42, only 20% of animals from the same strain
had reduced Kit protein when treated with subtherapeutic doses of insulin31. Dramatic changes
in cellular content of diabetic gastrointestinal tissues are likely to be preceded by more subtle
abnormalities that can be detected at the cellular-molecular level. Such changes have been best
explored in smooth muscle cells, which are more accessible for cell biological studies than
ICC or enteric neurons.152,153 The significance of these early abnormalities is that in
combination with other factors (e.g., acute hyperglycemia, infections, stress and psychological
factors7,18,121,122) they may lead to quite severe clinical forms of dysmotilities.25

Mechanisms of cellular degeneration or injury in diabetic
gastroenteropathies

In diabetic gastroenteropathies, cellular injury or depletion could potentially arise from
autoimmune attack, hyperglycemia and associated oxidative damage, impaired trophic support
from reduced growth factor signaling, or combinations thereof (Figure 3).
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Autoimmunity
Type 1 diabetes results from autoimmune destruction of pancreatic β cells and the same
autoimmune process may also inflict “collateral damage” to cells of the gastrointestinal
neuromuscular apparatus, particularly neurons.159 Recently there has been an upsurge of
interest in the role of autoimmune processes in the pathogenesis of gastrointestinal
neuromuscular disorders160,161 and it is now well established that autoantibodies play a key
role in paraneoplastic dysmotilites and they are also likely to contribute to the development of
several “idiopathic” gastrointestinal dysmotilites.162 However, there is only scant evidence
supporting autoimmune pathogenesis of diabetic gastroenteropathies. Lymphocytic infiltration
of the myenteric region has been described in the esophagus of both type 1 and type 2 diabetic
patients123 and infiltrations by lymphocytes, macrophages and occasional plasma cells were
reported in autonomic nerve bundles and ganglia in five patients with longstanding diabetes
complicated by diarrhea and gastroparesis.131 However, gastrectomy specimens from patients
with severe, intractable diabetic gastroparesis failed to reveal inflammatory or other cell
infiltrates.24,142 In animal models, lymphocytic aggregates were described in the proximal
third of the small intestines of spontaneously diabetic Chinese hamsters141 but no such changes
were found in NOD mice42 or STZ diabetic rats.67 Inflammatory infiltrates have been described
in the intestines of diabetes-prone BB rats but they turned out to be a feature of the strain and
unrelated to the presence or absence of diabetes.163 Circulating, complement-fixing
autoantibodies against autonomic nerves are frequently found in type 1 diabetes and more
rarely in type 2 diabetes, which is regarded as a metabolic and not autoimmune disease.159
However, the relevance of these findings to gastrointestinal cellular injury remains unproven.
159 Loss of ICC caused by anti-Kit autoantibodies has been found in a patient with
paraneoplastic gastroparesis and intestinal pseudo-obstruction164 but a similar autoantibody
has not been reported in diabetes. So far only a single study identified functional autoantibodies
in type 1 diabetic patients with gastrointestinal symptoms (mainly abdominal bloating and
fullness).165 In physiological assays, these IgG antibodies disrupted MMC in mice both in vitro
and in vivo after passive transfer. Pharmacological studies indicated that the antibody activated
L-type Ca2+ channels of intestinal smooth muscle cells at the dihydropyridine binding site. In
the absence of follow-up studies, the significance of this finding remains unclear.

Hyperglycemia, oxidative and nitrosative stress
Chronic complications of diabetes are generally attributed to recurring episodes of
hyperglycemia and resultant oxidative injury arising from an imbalance between pro-and anti-
oxidative factors.166 Hyperglycemia similar to that seen in poorly controlled diabetic patients
has been shown to inhibit neurite growth in superior cervical ganglia in vitro and cause neurite
degeneration (reduced caliber, beading, retraction of growth cone) and apoptosis.167
Hyperglycemia-induced apoptosis of dorsal root ganglion neurons and Schwann cells
characterized by mitochondrial swelling, disruption of the internal cristae and activation of
caspase-3 has also been shown in vitro, in STZ-diabetic rats and in rats made acutely
hyperglycemic with infused glucose.168 Importantly, 20 mM glucose also elicited apoptosis
in primary cultures of fetal murine enteric neurons and this effect was mediated by reduced
phosphorylation of PKB (Akt) and enhanced nuclear translocation of forkhead box O3a
(FOXO3a) transcription factor.41

The effects of hyperglycemia on apoptosis may be mediated by multiple mechanisms including
increased formation of advanced glycation end-products (AGE), glucose-induced activation
of PKC and nuclear factor κB (NFκB) and increased glucose flux through the aldose reductase
pathway. In endothelial cells and neurons, oxidative stress due to hyperglycemia has been
attributed to the increased production of ROS by the mitochondrial electron transfer chain.
168,169 However, there also is evidence that AGEs rather than hyperglycemia per se are the
prerequisite of ROS formation and apoptosis. For example, as discussed above, insulin
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treatment of STZ-diabetic rats initiated after a certain period was unable to prevent apoptosis
of nitrergic neurons despite normalizing blood glucose levels47 and this was due to the
continuing accumulation of AGEs, consequent accumulation of ROS and caspase-3-dependent
apoptosis.150,170 Myenteric neurons express receptors for AGEs (RAGE), which mediate the
apoptotic effects of AGEs.171 Some effects of diabetes on the ENS could also be alleviated by
the combined administration of the anti-oxidants alpha-lipoic acid and evening primrose oil.
172

Different cells have different sensitivity to oxidative stress. For example, nitrergic neurons are
particularly sensitive due to their very expression of NO, which, when reacting with superoxide,
produces peroxynitrite, a highly aggressive reactive nitrogen species.170 In contrast, some
populations of sympathetic neurons have reduced susceptibility to oxidative stress and this
may be related to their gene expression profile.130 In organotypic cultures of intact murine
tunica muscularis tissues, ICC were resistant to prolonged hyperglycemia (up to 55 mmol/L
for >2 months).173 One possible explanation for this finding is that ICC may be resistant to
hyperglycemia-induced apoptosis. Indeed, no apoptotic ICC were reported in diabetic
NOD42 or db/db mice44 or in STZ-diabetic rats.67 In a microarray study we found small
intestinal ICC to overexpress superoxide dismutase and several anti-apoptotic genes including
Bcl-2, which can also protect cells by altering the intracellular redox potential and preventing
oxidant-induced damage. This is likely critical for the survival of ICC, which are characterized
by an abundance of mitochondria and depend on oxidative metabolism for generating electrical
slow waves.93 While these observations are certainly in agreement with earlier reports that
ICC, instead of undergoing apoptosis, transform into fibroblast-like cells,174 recent reports
indicate that ICC are also not immune to apoptotic cell death175,176 so the resistance of normal
ICC to hyperglycemia may involve other mechanisms as well. In a recent paper Choi et al.
offered an alternative explanation by showing that maintenance of ICC in diabetic NOD mice
was dependent on the diabetes-induced upregulation in tissue macrophages of heme
oxygenase-1 (HO-1), an enzyme that generates the cytoprotective gaseous mediator carbon
monoxide (CO).31 In mice that could not sustain elevated levels of HO-1, oxidative stress was
increased and Kit expression declined dramatically. This finding implies that diabetes may
increase the susceptibility of cells to oxidative damage by interfering with anti-oxidant
defenses. The mechanisms responsible for this loss-of-protection are unclear but may be related
to the endocrine abnormalities central to diabetes (Figure 3).

Trophic factors
Although loss of trophic support has received less attention than oxidative stress as a mediator
of diabetes-associated enteric dysfunction, there also is strong evidence supporting a role for
various growth factors as pathogenetic factors and potential therapeutic agents. Particular
important in this regard are insulin, which is reduced or ineffective depending on the type of
diabetes, and IGF-I, which is reduced in both type 1 and type 2 diabetes.177 For example,
insulin has been shown to completely restore reduced expression and axonal transport of nNOS
in diabetic rodents, at least when applied sufficiently early.40,47 Insulin also has anti-apoptotic
effects, which are mediated by NFκB-dependent survival genes such as tumor necrosis factor
receptor-associated factor 2 and manganese superoxide dismutase178 although these effects
may be difficult to harness due to insulin’s strong hypoglycemic action. Neuroaxonal dystrophy
in certain sympathetic ganglia was only detected in diabetes models with low circulating levels
of insulin and IGF-I21,132,134 and in STZ-diabetic rats, two months of IGF-I treatment nearly
completely reversed bilateral neuroaxonal dystrophy in the superior mesenteric ganglion and
ileal mesenteric nerves without altering the severity of diabetes.135 Hyperglycemia-induced
apoptosis and neurite degeneration could also be prevented by in vitro application of growth
factors with anti-apoptotic potency such as IGF-I167,168 or glial-derived neurotrophic factor
(GDNF).41 GDNF’s effects were mediated by increased Akt phosphorylation and reduced
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nuclear translocation of FOXO3a. Akt also plays a key role in IGF-I’s anti-apoptotic actions.
179 Moreover, STZ-diabetes failed to induce myenteric neuronal apoptosis in the ileum of
transgenic mice overexpressing GDNF in glial cells.41

We explored the role of insulin and IGF-I in the maintenance of ICC populations in organotypic
cultures of intact murine gastric corpus+antrum muscles and in diabetic NOD mice.26,173,180

Maintenance of ICC depend on continuing Kit signaling50,181 supported by Kitl production
by the smooth muscle cells.26,182 In explant cultures, ICC are supported by intrinsic reserves
but beyond a certain time, these tissue reserves become exhausted and ICC are depleted. We
found that loss of Kit expression, ICC and slow waves could be completely prevented by the
application of either insulin or IGF-I.173 The pro-survival effects of insulin and IGF-I on mature
ICC were probably indirect because gastric ICC do not express insulin or IGF-I receptors.26,
180 The membrane-bound isoform of Kitl, a critical developmental, growth and survival factor
for ICC, appeared to mediate the effects of insulin and IGF-I as evidenced by the decline of
its expression in diabetic stomachs (Figure 2) and its rescue in vitro by insulin and IGF-I
treatments that also prevented ICC loss.26 The reduction in Kitl mRNA in diabetic mouse
stomachs mirrored the decrease in smooth muscle mass26 but our recent data indicate that loss
of Kitl production does not necessarily require smooth muscle dystrophy as Kitl expression by
smooth muscle cells is also regulated acutely by IGF-I signaling involving primarily the Akt-
glycogen synthase kinase 3β pathway (unpublished). In intact tissues, a significant proportion
of tissue IGF-I is actually produced by the smooth muscle cells,183 which explains why ICC
can survive for several weeks even in the absence of exogenous support.26,50,173 Recently
we further studied the significance of local IGF-I signaling in the maintenance of gastric ICC
by exposing mice to chronic moderate caloric restriction (~20% below ad-libitum intake),
which invariably reduces IGF-I levels.184 In these studies we detected a profound decline in
gastric expression of IGF-I mRNA and a 47% decrease in antral ICC volumes, which occurred
in the presence of normoglycemia and without any increase in oxidative stress. These findings
strongly support the notion that reduced IGF-I in diabetes is an independent factor of ICC loss.

In most tissues, maintenance of cell mass also involves regeneration from local precursors.
Recently we have identified ICC progenitors in postnatal murine gastric muscles.180 These
cells considerably differ from ICC by their morphology, cell surface markers (including
expression of IGF-I receptors) and factor requirements. For example, their proliferation can
be sustained with soluble Kitl, which has very little, if any, effect on mature ICC and by the
direct action of IGF-I (Figure 3). IGF-I is also required for their differentiation into ICC
although most of the latter effects are indirect via membrane-bound Kitl since the
differentiating progenitors gradually lose expression of both insulin and IGF-I receptors.180

The behavior of these cells in diabetes and other disorders affecting ICC remains to be
investigated. ICC mass is also regulated by other factors including serotonin,185

interleukin-9186 and NO.187 Since NO is reduced in diabetes, it may contribute to the reduced
ICC mass in this disorder (Figure 3). However, a recent study indicated that a decline in Kit
protein did not necessarily accompany reduced nNOS expression in diabetic NOD mice31 and
other studies did not support a role for the ENS in the development of ICC.182 Reduced extrinsic
innervation in diabetes may also contribute to the depletion of ICC.102

In summary, diabetes leads to cellular injury in gastrointestinal tissues by multiple,
interconnected mechanisms that involve increased oxidative and nitrosative stress, reduced
expression of trophic factors and, possibly, autoimmunity. Key components of the
gastrointestinal tissues regulate each other by producing growth, survival or differentiation
factors. Certain intracellular compounds (e.g., NO) may increase the susceptibility of cells to
injury. Cell mass in gastrointestinal muscles is also influenced by turnover from intrinsic
progenitors, which may also be targets of the metabolic and endocrine abnormalities associated
with diabetes.
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Concluding remarks
It is becoming increasingly clear that the complex pathophysiology underlying diabetic
gastroenteropathies does not simply reflect impaired tissue function but also profound changes
in the cellular composition of the gastrointestinal tunica muscularis and its extrinsic nerve
supply. Thus, gastroenteropathies should be considered and treated as a form of gastrointestinal
neuromuscular dystrophy rather than a purely functional disorder. Diabetes leads to dystrophy
and degeneration of neurons, smooth muscle cells and ICC via an imbalance between pro- and
anti-oxidative factors, altered trophic stimuli to mature cells and their precursors, and, possibly,
autoimmune factors (Figure 3). Cellular dystrophy and dysfunction affecting one cell type can
also deprive other cells of trophic input and the sum of these changes can lead to greater
functional injury than would be predicted from the individual abnormalities. The tissue-level
changes reduce functional reserves and, if sufficiently severe or in response to other
precipitating factors, manifest in organ-level dysfunction. These changes occur with time and,
more importantly, after repeated insults. At the earliest stage, cellular injury likely manifests
exclusively at the level of impaired gene expression and intracellular signaling and correcting
metabolic and endocrine abnormalities, together with alleviating oxidative stress, should
permit cellular repair and prevent further progression. Sustained endocrine and metabolic
imbalance eventually precipitates cell dystrophy and depletion but opportunities for restoring
tissue integrity from local stem/progenitor cells or by axon regeneration probably persist for
extended periods of time. Supporting endogenous defense mechanisms and replacing missing
trophic factors would still be expected to lead to recovery from this stage. Major cell loss and
remodeling with an accumulation of extracellular matrix only occur after repeated insults. At
this point, endogenous progenitor cells may also be affected and if so, tissue regeneration from
intrinsic resources may not be possible. Thus, blocking cytotoxic factors and supporting cell
regeneration at early stages could significantly improve the success rate of treatment modalities
that target specific functions and could eliminate the need for more desperate measures. More
research is needed to identify the extent and nature of cellular injury and relate the findings to
the stage of diabetic gastroenteropathy to assist in earlier detection of the injury and to allow
intervention at a time consistent with better outcomes.
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Figure 1. Cellular changes in the stomach of patients with diabetic gastroparesis and refractory
symptoms
Full thickness specimens from the anterior wall of the mid-corpus above the incisura. Left
panels, control nondiabetic obese patient undergoing gastric bypass surgery. Middle panels:
37-year-old white female patient with a history of well-controlled type 1 diabetes for about 3
years (case 1). Right panels: 32-year-old white female patient with a history of poorly
controlled type 1 diabetes for about a decade (case 2). CM, circular muscle; MP, myenteric
plexus; LM, longitudinal muscle. (A–C) Masson’s trichrome staining (connective tissue: blue;
nuclei: dark red/purple; cytoplasm: red/pink). The control (A) and sections from case 1 (B)
showed no increase in fibrosis, whereas sections from case 2 (C) showed an increase in fibrosis
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in both muscle layers and along the myenteric plexus. Scale bar 200 μm. (D–F). PGP 9.5
immunoreactivity. PGP9.5 immunoreactivity as a marker for neuronal structures was normal
in control (D) and in case 1 (E). There was a decrease in PGP 9.5 immunoreactivity in both
the muscle layers and the myenteric plexus in sections from case 2 (F) suggesting a loss of
neuronal structures. (G–I). Tyrosine hydroxylase immunoreactivity. Tyrosine hydroxylase
immunoreactivity was normal in the control (G). Sections from case 1 (H) showing normal
tyrosine hydroxylase immunoreactivity around the myenteric plexus with a slight decrease in
tyrosine hydroxylase immunoreactivity in the muscle layers. Sections from case 2 (I) showed
a marked loss of tyrosine hydroxylase immunoreactivity in all regions suggesting a loss of
extrinsic nerve fibers. Scale bar 100 μm. (J–L) Immunoreactivity for nNOS. Normal
immunoreactivity for nNOS in control (J) and case 1 (K). nNOS immunoreactivity was
markedly decreased in case 2 (L). Scale bar 100 μm. (M–O) Kit expression as a marker for
interstitial cells of Cajal. Control (M) and case 1 (N) showed normal c-Kit immunoreactivity
while in case 2 (O) there was a loss of Kit immunoreactivity suggesting a decreased number
of ICC. Scale bar 100 μm. Panels reprinted from Ref. 25 under terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0)
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Figure 2. Reduced expression of Kit (c-kit), stem cell factor (Kitl), and smooth-muscle myosin in
the stomachs of diabetic NOD mice
(A–F) Representative confocal images of Kit immunofluorescence in the greater curvature of
full-thickness whole mounts of gastric tunica muscularis tissues of nondiabetic NOD mice (A–
C) and their long-term diabetic littermates (D–F). (A and D) Midcorpus; (B and E) orad antrum;
(C and F) distal antrum. Scale bar in F is 50 μm and applies to all panels. Note reduction of
Kit+ ICC networks in the diabetic mice. (G) Affymetrix Mouse Genome 430 2.0 GeneChip
analysis of c-kit, Kitl, Myh11, and Uchl1 gene expression in NOD mice with short- (18 days),
medium- (33 days), and long-term (60 days) diabetes. Fold changes in mean expression levels
in groups of diabetic mice relative to groups of their nondiabetic littermates are shown. Values
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labeled D are significantly decreased by Affymetrix GeneChip Operating Software analysis
(all others, “no change”). (H) Quantitative RT-PCR analysis of c-kit and Kitl expression in
gastric corpus+antrum tunica muscularis tissues of nondiabetic NOD mice (open bars) and
their long-term diabetic littermates (closed bars). Expression of membrane-bound Kitl (Kitl
(m)) was calculated as the difference between total Kitl (Kitl(s+m)) and soluble Kitl (Kitl(s))
in each mouse. P values are from Mann–Whitney rank sum tests. Note that the reduction in c-
kit was mirrored by a similar change in the expression of Kitl isoforms. Reprinted from Ref.
26 with permission from the American Gastroenterological Association Institute.
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Figure 3. Hypothetical model for the cellular pathogenesis of diabetic gastroenteropathies
Cellular degeneration in diabetic tissues arises from the combined actions of oxidative stress
and reduced trophic signals. Autoimmunity may contribute but its role remains to be
established. Hyperglycemia and advanced glycation end-products (AGEs) cause oxidative
stress when they overwhelm antioxidant defenses. Nitric oxide (NO)-producing neurons of the
enteric and systematic autonomic nervous system (ENS, ANS) may be particularly susceptible
to oxidative stress due to the combination of superoxide and NO into peroxynitrite, an
aggressive reactive nitrogen species. The ENS provides some trophic support to interstitial
cells of Cajal (ICC), which may be reduced in diabetes (5-HT, serotonin). Reduced trophic
support contributes to dysfunction and dystrophy of smooth muscle cells (SMC), the ENS and
ANS. SMC also produce several growth factors including insulin-like growth factor-I (IGF-I)
and both membrane-bound and soluble stem cell factor (Kitl(m) and Kitl(s), respectively). Self-
renewal of ICC progenitors (pre-ICC) is stimulated by Kitl(s) and IGF-I. IGF-I is also required
for ICC differentiation and maintenance but those effects are indirect via Kitl(m). Arrows
indicate stimulation, blocked lines, inhibition. Dotted line indicates putative effect.

Ördög et al. Page 35

Minerva Gastroenterol Dietol. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


