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Diabetes and the enteric nervous system
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Abstract

Diabetes is associated with several changes in gastrointestinal (GI) motility and associated
symptoms such as nausea, bloating, abdominal pain, diarrhoea and constipation. The pathogenesis
of altered GI functions in diabetes is multifactorial and the role of the enteric nervous system
(ENS) in this respect has gained significant importance. In this review, we summarize the research
carried out on diabetes-related changes in the ENS. Changes in the inhibitory and excitatory
enteric neurons are described highlighting the role of loss of inhibitory neurons in early diabetic
enteric neuropathy. The functional consequences of these neuronal changes result in altered gastric
emptying, diarrhoea or constipation. Diabetes can also affect GI motility through changes in
intestinal smooth muscle or alterations in extrinsic neuronal control. Hyperglycaemia and
oxidative stress play an important role in the pathophysiology of these ENS changes. Antioxidants
to prevent or treat diabetic GI motility problems have therapeutic potential. Recent research on the
nerve—immune interactions demonstrates inflammation-associated neurodegeneration which can
lead to motility related problems in diabetes.
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INTRODUCTION

Diabetes is associated with gastrointestinal (GI) symptoms such as nausea, bloating,
abdominal pain, diarrhoea, constipation and delayed gastric emptying (GE).1 Up to 75% of
patients with diabetes can experience these symptoms. The pathogenesis of altered Gl
functions in diabetes is still under research and the role of enteric nervous system (ENS) and
its neurotransmitters has gained significance over the past years. The ENS is an autonomous
entity that controls and coordinates motility, blood flow and secretion in the Gl tract. ENS is
present throughout the entire Gl tract, the biliary tract and the pancreas. The ENS is
comprised approximately 108 sensory, motor and inter neurons, present in two major plexus,
the myenteric and submucusal plexus. These neurons control intestinal motility and
secretion by initiating reflexes in response to the luminal contents and smooth muscle
tension.2 The ENS is connected to the brain by both afferent and efferent pathways. The
former is the basis not only for sensation of gut origin, particularly pain but also other
sensations such as fullness, bloating, and nausea. Efferent pathways provide the
parasympathetic and sympathetic innervation that helps to coordinate the different regions of
the GI tract with their specialized functions.

Address for correspondence: Shanthi Srinivasan, MD, Division of Digestive Diseases, Emory University, Whitehead Research
Building, Suite 246, 615 Michael Street, Atlanta, GA 30322, USA. Tel: +1 404 727 5298; fax: +1 404 712 2980; ssrini2@emory.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

CHANDRASEKHARAN and SRINIVASAN Page 2

In this review, we highlight the changes in inhibitory and excitatory neurons in early and
late diabetes and the changes in GI motility in human and animal models of diabetes. The
mechanism of changes in motility involving neuronal loss, oxidative stress, advanced
glycation end products (AGEs) and apoptosis are elaborated. Changes in smooth muscle and
afferent and efferent signalling to the Gl tract are also seen in diabetes. Antioxidants and
nerve growth factors have a potential to treat motility related problems in diabetes. Nerve—
immune interactions, involving modulation of inflammation associated neurodegeneration
can lead to GI matility problems in diabetes.

DIABETES AND NEURONAL DEGENERATION

Changes in neuron number/size in the Gl tract

Diabetes is associated with changes in enteric neuronal size, number and neurodegenerative
changes such as axonal swelling (Table 1). These findings are mainly derived from whole
mounts of myenteric plexi of different regions of the Gl tract. The studies cited in Table 1
have been carried out in rat models and streptozotocin (STZ) (45-200 mg kg1 body weight)
has been used for induction of diabetes. A marked degeneration of axon plasma membrane
in the myenteric plexi ganglia at 2 weeks of diabetes in rats, followed by axon sprouting and
regeneration at 6 weeks has been observed.3 Reduction in neurons is also seen in the
stomach,* cecum,”® ileum® and proximal colon.” In dorsal root ganglion the neurons of larger
diameter (=50 zmol L™1) are more susceptible to injury compared to smaller neurons.®
However, few studies have reported an increase in NADPH Diaphorase cell body area in the
ileum whole mounts after 16 weeks of diabetes.® These findings suggest that there are two
phases of neuronal changes in diabetes —an initial phase of loss of neurons and a later phase
with possible regeneration.

Diabetes and alterations in chemical coding of neurons in the Gl tract

The different neurotransmitters expressed by a neuron determine its chemical code. Several
animal studies have described altered chemical coding in diabetes. Enteric neuronal
subpopulations respond differently to diabetes, some exhibit degeneration, some undergo
change in neurotransmitter content without degeneration while some are unaffected. It is
interesting to note that nerves that contain the same neurotransmitter but innervating a
specific region of Gl tract are also differentially affected. The neuronal remodelling affects
the ratio of inhibitory and contractile neurons, which in turn leads to impaired nerve-
mediated muscle responses and can contribute to the motility dysfunction seen in diabetes.
Data suggest that inhibitory neurons [neuronal nitric oxide synthase (nNOS), vasoactive
intestinal peptide (VIP) and neuropeptide Y (NPY)] and galanin neurons are more severely
affected compared with excitatory neurons [choline acetyl transferase (ChAT) and
Substance P (SP)].

Loss of inhibitory neurons in diabetes

The nNOS neurons have been studied to a great extent in diabetes-related GI motility
dysfunction. The nitric oxide (NO) produced by these neurons, is a major nor-adrenergic,
norcholinergic (NANC) inhibitory neurotransmitter which mediates the smooth muscle
relaxation in the Gl tract and is therefore important in gut motility.11 Several studies have
demonstrated loss of NNOS neurons in diabetes. Loss of nitrergic function in the stomach
can result in delayed GE or changes in accommodation.12 The loss of nitrergic function in
the stomach of STZ-mice and non-obese diabetic (NOD) mice was restored by insulin
therapy.13 A reduction in nNOS expression was also observed in the antral myenteric plexus
of STZ diabetic rats at 3 monthsl4 and the spontaneously diabetic BB/W rat at 6 months of
diabetes.1® A loss of ileal myenteric NADPH diaphorase-stained neurons at 8 weeks of
diabetes in mice has been demonstrated.1® In the initial phase of diabetes, there is a loss of
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nNOS content and function, however, at later stages there is nitrergic degeneration with
complete loss of nitrergic function.” Full thickness jejunal sections from a diabetic patient
showed a reduction in nNOS neurons and the interstitial cells of Cajal (ICC).18 A reduction
in ICC and nNOS neurons in patients with diabetes (type I1) proportional to the severity of
diabetes was observed as compared to controls.1® The susceptibility of nitrergic neurons in
the GI tract appears to be regional with the stomach and proximal intestine being affected
first and the distal colon being the last to be affected. Within the stomach, the neurons along
the lesser curvature are more affected compared with the greater curvature.* The mechanism
of loss of NNOS neurons could be secondary to increased apoptosis.16:17

In later stages of diabetes, there appears to be an increase in nitrergic neurons.220 This is
probably secondary to regeneration due to early loss of nNOS neurons. An increase in NNOS
in the myenteric plexi of duodenum?! and ileum? at 32 weeks of diabetes has been observed.
A subset of nNOS neurons lacking of heme oxygenase 2 were more susceptible to the
changes of diabetes.2? Overall, diabetes seems to be associated with a reduction in nNOS
neurons with a possible regenerative response at later stages. These changes can contribute
to the motility disturbances in diabetes.

VIP together with NO comprises the primary inhibitory NANC neurotransmitters. A
decrease in VIP neurons at 4 weeks of diabetes has been reported?3.24 Full thickness jejunal
biopsies from a patient have also shown a decrease in neurons in type | diabetes.® Overall,
the changes in VIP appear to be a decrease in early diabetes and an increase?® in advanced
diabetes similar to nNOS neurons. NPY, another inhibitory neurotransmitter, present
predominantly in NANC neurons, often co-localizes with nNOS.26 Increase in NPY
immunoreactivity in duodenum, colon and ileum has been reported in rats.2>27 Obese
diabetic mice also show increased NPY in the colon.?8 The concentration of galanin, another
inhibitory peptide, was reduced in the colon of obese diabetic mice.23 However, an increase
in galanin was observed in colon of NOD mice?? and ileum of 12-week-old diabetic rats.3°
In summary, the inhibitory neurotransmitters nNOS, VIP and galanin appear to decrease in
early diabetes with an increase in later stages of diabetes, possibly secondary to
regeneration. On the other hand, NPY seems to increase early in diabetes and this may be a
compensatory response to loss of other inhibitory neurons.

Increase in excitatory neurons in diabetes

Choline acetyl transferase is specific to excitatory neurons, and it is the enzyme that
hydrolyzes the neurotransmitter acetyl choline, produced by cholinergic nerves. The acetyl
choline released by these nerves mediate the contractile responses of the Gl tract. The
density of cholinergic innervation has been reported to increase in diabetes in the jejunum,
ileum (myenteric plexi) and muscularis propria of duodenum from rats and non-obese
mice.331:32 This increase may account for increased contractility in diabetes. Serotonin is an
important neurotransmitter of the gut responsible for mediating the fasting phase 111
contractions of migrating motor complex (MMC) or postprandial contractions, which are
commonly impaired in diabetes. A reduction in serotonin content of the antrum and
duodenum has been noted in the diabetic animals.33:34 An increase in serotonin content in
colon has also been reported.3> Changes in serotonin receptor expression may mediate the
sensory component of Gl disturbances seen in diabetes such as nausea and early satiety.

Reduction in sensory neuropeptides in diabetes

Calcitonin gene-related peptide (CGRP), a sensory 37-amino acid peptide, is co-localized
with SP,36 a member of the tachykinin super family. In the myenteric and submucosal
plexus of rat ileum and colon, CGRP-like immunoreactivity was found to be significantly
reduced after 8 weeks of diabetes.3031 SP is a 11-aminoacid polypeptide involved in the
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transmission of pain impulses from the periphery to the central nervous system (CNS).
Decrease in SP in stomach and ileum of rats at varied durations of 5-44 weeks of diabetes
has also been reported. Although some studies demonstrate an increase in SP,1827 3
majority of studies support a reduction in SP in diabetes.3”38 Recent findings indicate that
autoimmune attack on S-cells as in diabetes type | appears to be triggered by abnormal
sensory nerves that lack SP.39 Studies on NOD mice revealed that their sensory neurons did
not produce enough SP. When these mice were given an injection of SP directly into the
pancreas, insulin and glucose levels returned to normal. Based on these recent findings, it
appears that exogenous SP can reverse insulin dependent diabetes mellitus (IDDM). More
studies on SP might help to explain and attenuate the complications in type 1l diabetes. The
studies on neurochemical coding in diabetes have been summarized in Table 2.

GASTRIC MOTILITY IN DIABETES

GI motility disorders are very commonly associated with diabetes. Of the various
abnormalities, gastroparesis is one of the most common motility disturbances related to
autonomic and peripheral neuropathy. GE has been shown to be delayed in animal models of
diabetes!3 and in patients with diabetes*0 and correlates with the severity of diabetes.
Electrical field stimulation (EFS) of intestinal muscle strips allows us to study the effect of
diabetes on the functional loss or gain of inhibitory or excitatory enteric neurons. Several
studies have examined the responsiveness of stomach, intestine and colonic tissues from
diabetic animals /n vitro. Diabetes impairs NANC relaxation in rodents.16:41

MECHANISMS UNDERLYING DIABETIC ENTERIC NEUROPATHY

Apoptosis

Apoptosis can contribute to the enteric neuronal loss and disorders in GI motility in diabetes.
An increase in apoptosis was reported in acutely dissociated dorsal root ganglionic (DRG)
neurons from 3- to 6-week-old diabetic rats.#2 A similar increase in apoptosis /in vitro of rat
embryonic enteric neuronal cultures when treated with 20 and 40 mmol L1 glucose, and
increased apoptosis in diabetic mice has been reported.16 Increased caspase-3 and TUNEL
positive cells in the myenteric plexi of 4- to 8-week diabetic rats have been
demonstrated.#344 The presence of a calcium channel stimulating auto antibody has been
found in type | diabetic patients and this is associated with disrupted intestinal motility.4°
Serum from diabetics induced apoptosis in dorsal root ganglion neurons in culture.46

Oxidative stress

Oxidative stress, in which production of highly reactive oxygen species (ROS) and reactive
nitrogen species (RNS) overwhelms antioxidant defences, is a feature of many neurological
diseases and neurodegeneration. Moreover, oxidative stress also activates mechanisms that
result in a glia-mediated inflammation that also causes secondary neuronal damage. Studies
have examined the lipid peroxidation profiles in heart, liver, kidney and retina of diabetic
animals. However, there are only a few studies specifically related to the oxidative stress in
the Gl tract. Increased activities of glutathione-S-transferase (GST) have been reported in
jejunum and ileum of 6 weeks diabetic rats.#” Similar observation has been made at 6 weeks
of diabetes in rats where catalase, superoxide dismutase (SOD), malondialdehyde and
protein carbonyl content were increased, and glutathione peroxidase was decreased.*8
Recent research on oxidative stress in diabetes has identified that different populations of
sympathetic neurons differ in their susceptibility to neuropathy, which in turn is due to an
increased vulnerability to oxidative stress.? This indicates that molecular differences
between the sympathetic ganglia may be responsible for their differential response to
diabetes. Analysis of global gene expression patterns in ganglia from control and diabetic
rats has revealed marked differences in gene expression in celiac/superior mesenteric
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ganglion and superior cervical ganglion neurons under control conditions and in response to
diabetes.> Future studies need to be carried out to assess oxidative stress and gene
expression profiles in diabetes in enteric neuronal ganglia.

Advanced glycation end product and their receptors

AGE and the receptor for AGEs (RAGE) are expressed in peripheral neurons. They have
been identified to play a significant role in diabetic neuropathy. High intracellular glucose
concentration can trigger protein glycation via increased formation of methyl glyoxal,
glyoxal and 3-deoxyglucosones. RAGE-induced phosphatidylinositol-3 kinase activity has
also been attributed to the formation of ROS, caspase-3 activation, and nuclear DNA
degradation.>1 /n vitro studies on the whole mount preparations of longitudinal muscles with
adherent myenteric plexus from the duodenum of adult male rats exposed to glycated bovine
serum albumin (AGE-BSA) or BSA for 24 h indicate a decrease in nNOS expression.>2

Nerve growth factors, antioxidants and diabetes

Loss of neurofilaments in myelinated sensory axons, and neurofilament numbers in
unmyelinated fibres has been observed at 6 months of diabetes.>3 The administration of
growth factors, hormones and antioxidants can modulate diabetic neuropathy. Insulin, nerve
growth factors and antioxidants such as a-lipoic acid and glutathione have been extensively
studied. Insulin like growth factor-1 (IGF-1) and neurotrophin-3 (NT-3) can reverse
experimental diabetic neuropathy.>* Hedgehog proteins known to modulate the development
of the ENS can restore diabetes induced changes in motor and sensory neuropathy.>®
Increased oxidative stress is considered to be a causal factor in the development of diabetic
neuropathy. The protective effects of antioxidants like lipoic acid and evening primrose oil
on diabetes-induced enteric nerve degeneration in the ileum have been identified.5®

Alteration in intestinal muscle contractility

An increase in intestinal smooth muscle mass®’ and increased muscle contractility®8 has
been reported in diabetes. A reduction in muscarinic receptors and activation of voltage
gated calcium channels in diabetes can also lead to impairment in smooth muscle
contractility.58:59 Altered signalling through the protein kinase C pathway in gastric
myocytes may also contribute to diabetic gastroparesis.® Insulin can regulate the altered
neuronal M2 muscarinic receptor function seen in the ileum of diabetic rats.61 Recent
studies have demonstrated that myopathy may play a role in diabetic gastroparesis. A
reduction in insulin/IGF-I signalling in diabetes causes ICC depletion, subsequent stem cell
factor depletion and resultant smooth-muscle atrophy.52

Brain gut interactions in diabetes

The CNS, mainly the hypothalamus and brain stem along with the ENS help in maintaining
glucose homeostasis. The arcuate nucleus in hypothalamus is sensitive to incretin hormones
such as GLP-1, ghrelin and CCK as well as glucose and fatty acids. Vagal nerve dysfunction
as evidence by a reduced response to sham feeding-induced serum pancreatic polypeptide
and ghrelin is seen in patients with diabetic gastroparesis.53 Vagally mediated duodenal
bicarbonate secretion was impaired at 6 weeks of diabetes in STZ-diabetic rats.5* The major
viscerosensory information provided by afferent fibres is processed in the nucleus of tractus
solitarius of the brain stem. The afferent and efferent innervation of the Gl tract is adversely
affected in diabetes. Impaired afferent vagal functions have been demonstrated in patients
with diabetic gastroparesis.5® Increased sensory threshold in the rectal mucosa of patients
with diabetes has been demonstrated and this may contribute to fecal incontinence.56 Both
myelinated and unmyelinated fibres in vagus nerve of the diabetic BB rat have been shown
to be decreased in size.5” Changes in sympathetic pre- and postganglionic fibres including a
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reduction in cytoplasmic area, axonal dwindling have been noted 1 year after the induction
of diabetes in rodent models.58 Sympathetic neuronal dystrophy with accumulation of
neurofilaments and mitochondria has been noted in the experimental models of diabetes.%?
Thus in addition to the changes in the ENS in diabetes, significant changes are also present
in the vagus and sympathetic innervation of the GI tract.

Models to study diabetes-induced changes in the Gl tract

Current models to study diabetes-induced changes in the Gl tract include chemically
induced diabetes in rodents and genetic mouse models. A few studies have focused on
diabetes induced changes in the ENS using human gastrectomy samples.1® /n vitro studies
on the effect of hyperglycaemia on primary enteric neurons have been limited due to the
difficulty in establishing long-term neuronal cultures. Development of enteric neuronal cell
lines can provide a useful tool to assess the changes of hyperglycaemia in cultures. The use
of primary enteric neuronal cell line in co-culture with support cells like enteric glia can also
help us understand the role of enteric glia in modulating diabetic enteric neuropathy. The
studies on estimation of ganglion size in diabetes would be more accurate with the use of 3D
image analysis of ganglia. Also, laser capture micro dissection of enteric ganglia in control
and diabetic rodent and human samples can provide us useful information on the mechanism
of diabetic enteric neuropathy. The current method of evaluating changes in chemical coding
secondary to diabetes is immunohistochemical staining of whole mount and cross section of
rodent and human intestines. Future studies are needed to standardize the chemical coding
changes in diabetes, by focusing on a few inhibitory and excitatory neurotransmitters
including co-localization of specific neuropeptides, in specific regions of the Gl tract and
functional correlation of these changes through EFS induced intestinal muscle strip
contraction and relaxation.

FUTURE PERSPECTIVES IN DIABETES-RELATED ENS RESEARCH

Nerve—immune interactions

The evidence that neurons can regulate the activity of immune cells has led to the concept of
‘neurogenic inflammation’. Neuropeptide synthesis occurs not only in enteric nerves, but
also in immune cells of the gut associated lymphoid tissue (GALT). Lymphocytes express
receptors for most of these neuropeptides, but other immune cells, such as macrophages and
mast cells, are capable of responding to these ENS products.

In type | diabetes, it is now understood that neuropeptides can regulate the immune cell
activity which regulates S-cell survival. Recent study indicated that defect in a subset of
sensory neurons innervating the pancreas plays a major role in initiating the chain of events
that will lead to local inflammation, islet destruction, and autoimmune diabetes.3%70 The
neuropeptides by acting as immune modulators can stimulate pro-inflammatory cytokine
production and result in neurodegeneration. Few neuropeptides have been reported to
modulate immune cell function like NPY,”* CGRP72 and VIP.”3 Thus there is an intimate
and delicate relationship between neuropeptide and cytokine production, and further studies
in this field are required to address the gene regulatory processes underlying neuropeptide—
cytokine interactions in diabetic enteric neuropathy.

SUMMARY

Diabetes is associated with a remodelling of the ENS encompassing modifications in enteric
neuronal morphology, neuromediator content and changes in the function of enteric neurons.
These changes in enteric neurons are likely to play a role in alterations in motility and
secretory functions of the Gl tract. A marked change in specific enteric neuropeptides likes
NPY, nNOS, VIP, CGRP, ChAT and SP is observed in the ENS in experimental models of
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diabetes. This disturbs the critical balance between the inhibitory and excitatory
neuropeptides in the ENS, the disturbance of this ratio, we believe, leads to disorders in GE
and gut motility. In addition the electrophysiological properties of neurons are adversely
affected. The studies in humans also indicate a selective loss of neurons in diabetes
condition and altered GI motility changes similar to that in animal models. Oxidative stress,
advanced glycation end products, neuronal apoptosis and nerve—immune interaction mainly
account for the neurodegeneration (Fig. 1). Nerve growth factors and antioxidants can
partially attenuate neuronal degeneration by mitigating oxidative stress. Transplantation of
intestinal enteric neurons to restore the neuronal loss seen in severe diabetic enteric
neuropathy needs to be examined as a potential therapeutic option. Future studies need to
examine as to how the enteric neuropeptides regulate genes associated with oxidative stress,
apoptosis and cytokine expression at different stages in the development of diabetes. Also,
studies on regulation of enteric peptide expression by cytokines can open new avenues in the
treatment of diabetes. Further advances in our understanding of the ENS will have important
implications for the treatment of diabetes-related gut disorders.
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Schematic representation of the central role of enteric neuropeptides in diabetes: diabetes
leads to an imbalance of inhibitory and excitatory neuropeptide ratios which can directly
cause altered gut motility. In addition, hyperglycaemia can also cause oxidative stress and
apoptosis. Other potential mechanisms involve the role of neuropeptides from enteric
nervous system (ENS) interacting with immune cells and activating pro-inflammatory
cytokine production leading to inflammation and subsequent neuronal loss. Thus oxidative
stress, apoptosis and inflammation cause nerve damage leading to gastrointestinal motility

disturbances.
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Table 1

Diabetes induced changes in neuronal number in the gastrointestinal tract
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Duration of diabetes (weeks)

L ocation of change

Type of change

References

1
2
8
8
15
15
16

Proximal colon
Auerbach’s plexus
Stomach
Cecum-myenteric
lleum
Jejunum-myenteric

lleum

NADPH diaphorase

Degeneration of axolemma, chromatolysis of ganglion
INADPH diaphorase

INeuronal density

NADPH diaphorase

TCell body area, {NADPH diaphorase

TNADPH diaphorase

Furlan et al’

Monckton & Pehowich?
Fregonesi et al*

Zanoni et al®

Alves et al®

De Miranda et a/1°

Zanoni et al®
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