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Abstract
Diabetes mellitus is a common disease and its pre
valence is increasing worldwide. In various studies 
up to 30%-70% of patients present dysfunction and 
complications related to the gut. To date several clinical 
studies have demonstrated that autonomic nervous 
system neuropathy and generalized neuropathy of 
the central nervous system (CNS) may play a major 
role. This systematic review provides an overview 
of the neurodegenerative changes that occur as a 
consequence of diabetes with a focus on the CNS 
changes and gastrointestinal (GI) dysfunction. Animal 
models where diabetes was induced experimentally 
support that the disease induces changes in CNS. 
Recent investigations with electroencephalography 
and functional brain imaging in patients with diabetes 
confirm these structural and functional brain changes. 
Encephalographic studies demonstrated that altered 
insular processing of sensory stimuli seems to be a 
key player in symptom generation. In fact one study 
indicated that the more GI symptoms the patients 
experienced, the deeper the insular electrical source 
was located. The electroencephalography was often 
used in combination with quantitative sensory testing 
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mainly showing hyposensitivity to stimulation of GI 
organs. Imaging studies on patients with diabetes and 
GI symptoms mainly showed microstructural changes, 
especially in brain areas involved in visceral sensory 
processing. As the electrophysiological and imaging 
changes were associated with GI and autonomic 
symptoms they may represent a future therapeutic 
target for treating diabetics either pharmacologically or 
with neuromodulation. 
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Core tip: Investigation of the existing literature on 
diabetes patients with gastrointestinal (GI) sym
ptoms indicates the presence of structural and fun
ctional brain changes. This was most consistent in 
electrophysiological studies, where especially changes 
in the insula seemed to correlate with GI symptoms.  
Imaging studies confirmed the electrophysiological 
findings showing microstructural changes in brain areas 
involved in visceral sensory processing. Due to these 
findings, future targets in treatment of GI symptoms 
in patients with diabetes may be based on modulation 
of central nervous system reorganisation, either 
pharmacologically or with afferent nerve stimulation.
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INTRODUCTION
According to the World Health Organization diabetes 
mellitus (DM) is a common disease with a global 
prevalence estimated to be 9% among adults aged 
18+ years. In various studies up to 30%-70% of DM 
patients complain of gastrointestinal (GI) dysfunction 
and complications[1-3]. This can be manifested as for 
example vomiting, diarrhoea, abdominal discomfort, 
constipation and faecal incontinence[4]. DM related 
GI dysfunction may also impair glucose control and 
increase the risk of malnutrition, which again leads 
to poor quality of life, weight loss and emptying of 
glucagon deposits[5]. Therefore it is of major importance 
to focus on the GI complications in patients with DM. 

The GI symptoms have in several clinical studies 
been shown to relate to peripheral diabetic autonomic 
neuropathy, including the enteric nervous system[6]. 
However, as the neuropathy is generalized the central 
nervous system (CNS) may play a role as well. 
Hence, the cerebral complications of both type 1 and 

type 2 diabetes have been referred to as “diabetic 
encephalopathy”, a term introduced several decades 
ago[7].

The pathophysiology behind generalized neuropathy 
is multifactorial, with metabolic, oxidative or immune-
related damage of the neurons or glia cells as main 
factors. Apart from effects on the enteric nervous 
system that may lead to dysmotility, etc., specific 
symptoms such as vomiting and nausea are mainly 
controlled from the brain. Therefore dysfunction of the 
CNS is mandatory to consider, when other reasons for 
vomiting and nauseas have been ruled out. Further
more, although some GI motility is present even in 
patients with severe CNS damage, it is partly centrally 
regulated, and therefore brain changes will invariably 
have an effect on gut function[8]. 

What is already known on this area: (1) diabetes 
mellitus can cause peripheral and autonomous neuro
pathies; (2) 50% of patients with longstanding diabetes 
suffer from GI symptoms; and (3) the symptoms lead 
to severe socio-economic problems and reduced quality 
of life.

The aim of this review: (1) to update the literature 
about diabetes and brain changes in humans; and 
(2) to provide evidence that central neuroplastic and 
structural alterations may play a major role in diabetic 
patients with GI symptoms.  

Several recent papers focusing on changes in the 
brain support the above considerations. Hence, in 
animals with diabetes, changes in the paraventricular 
nuclei of the hypothalamus as well as the dorsal motor 
nuclei have been found[9]. Changes in these areas 
are related to the function of the GI tract. In diabetes 
patients with GI symptoms changes of brain areas, 
which are involved in visceral sensory processing has 
been reported. Thus, novel methods used to treat 
vomiting in DM such as gastric electrical stimulation 
may exert its effects mainly via the brain since no clear 
effect and the gastric motor function is seen[10]. However 
significant knowledge gaps remain, but addressing 
central alterations may provide new insight which may 
guide future therapeutic targets for treatment of GI 
complications in DM[11].  

The aim of this review is to explore the current 
literature investigating brain changes in patients with 
DM and GI symptoms. Furthermore, the background 
for metabolic brain changes, neurophysiological and 
imaging methods will briefly be discussed.

LITERATURE SEARCH 
PubMed searches were performed for articles and 
abstracts published in English. There was no lower 
limit for the time of publication, but literature was 
searched up to January 2015. Although the focus of this 
review was studies in humans, animal studies are cited 
where they illustrate a point of importance. Medical 
sub-heading (MeSH) and free-text terms for “CNS”, 
“brain”, “electroencephalogram” (EEG), and “magnetic 
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resonance imaging (MRI)” were combined with “DM” 
and “GI symptoms”. The authors reviewed titles and 
abstracts to identify studies examining brain changes 
in DM with GI symptoms. In addition to the structured 
literature search a manual search of references from 
articles included was also conducted. Thus, a number 
of articles not identified by the original search were 
included in this review if all other requirements were 
met. Mainly studies examining neurodegenerative 
changes in DM patients with GI symptoms were 
included. The level of evidence was not graded due to 
the exploratory nature of many of the studies.

DIABETIC NEUROPATHY: THE 
PATHOPHYSIOLOGY 
A multiple of factors appear to be involved in the patho
genesis of brain changes in DM. A widely held belief 
is that CNS changes are secondary to the peripheral 
neuropathy, because the reduced afferent activity may 
cause adaptive shrinking[12]. However, considerable 
controversy as to the underlying mechanism remain[13], 
and an alternative hypothesis is that the CNS changes 
might indeed be a primary phenomenon. There are 
several potential causes for the direct changes such as 
fluctuations in insulin and blood sugar levels, as well as 
cerebrovascular alterations. 

The hyperglycaemia hypothesis
Most research focused on hyperglycaemia and hyper
lipidaemia as main players to induce oxidative stress 
and pro-inflammatory mechanisms. Diabetes-related 
hyperglycaemia as well as hyperlipidaemia induce a 
number of pathological changes in neuronal tissue 
leading to oxidative stress and pro-inflammatory 
mechanisms, as shown in Figure 1[14,15]. Hyperglycaemia 
leads to elevated intracellular glucose and cellular 
toxicity. This glucotoxicity alters cell function in different 
ways leading to increased synthesis of polyols, diacy
lglycerol (which in turn activates protein kinase C) and 
hexosamines that accumulate intracellularly[16]. The 
exact mechanism by which these factors cause altered 
cell function is not yet clear, but they act in concert to 
induce oxidative stress[5]. Thus, levels of free radicals, 
such as superoxide and nitrogen species rise, especially 
in the mitochondria. Meanwhile, the ability to scavenge 
free radicals is reduced because of a depletion of the 

proton donor nicotinamide-adenine-dinucleotide[14].
These processes may also trigger an enzyme, 

poly(ADP-ribose) polymerase, of great importance to 
deoxyribonucleic acid repair, and thereby cause break-
up of the deoxyribonucleic acid strands. A further 
consequence is the reduction of intracellular nico
tinamide-adenine-dinucleotide, exacerbated by the 
polyol pathway induction. As an end result, adenosine 
triphosphate levels have been shown to reach critical 
low levels in, e.g., Schwann cells, possibly resulting 
in cell death[17]. Finally, a key enzyme in glycolysis 
(glyceraldehyde-3-phosphate dehydrogenase) is 
inhibited when the superoxide levels rise, which cause 
a reduction in the substrate flux into the mitochondria. 
However, glucose still enters the cell, which causes 
even more activity in the alternative metabolic routes, 
leading to further production of hexosamines, polyols, 
poly(ADP-ribose) polymerase and advanced glycation 
end products, thus closing the loop of a vicious cycle[18]. 
For further details see[17-19]. 

The hyperglycaemia theory seems more valid for 
type 1 than type 2 DM. In line with this a Cochrane 
review showed that improved glucose control inhibits 
onset of neuropathy in type 1 DM, whereas it only 
had a modest, non-significant relative risk reduction 
in patients with type 2 DM after 4 years of follow-up. 
However, when patients were followed for 15-year the 
effect of increased glucose control showed significant 
risk reduction[20-22]. Although peripheral neuropathy was 
explored, the mechanisms are likely similar for other 
nerve tissues. Hence, the prevention of hyperglycemia 
is likely also of importance to protect the autonomic 
nervous system and the brain.

The altered function of the cell can also be caused 
by other factors. The intracellular non-enzymatic 
glycation of proteins gives rise to advanced glycation 
end-products, which in the extracellular matrix interacts 
with various receptors from matrix to endothelial 
receptors. This last mentioned interaction can lead to 
proinflammatory gene expression[19].  

The influence of severe hypoglycaemia 
Severe and prolonged hypoglycaemia can increase 
release of excitatory amino acids. The release may 
turn uncontrolled and trigger calcium influx, thereby 
leading to activation of proteolytic enzymes, causing 
neuronal damage[23]. However, the brain may utilise 
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Figure 1  Hyperglycaemia leads to increased 
hexosamines, polyols and diacylglycerol within the 
cell, which can cause oxidative stress leading to 
cell damage.
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factors, such as disruption of normal endoplasmatic 
reticulum functioning and the role of autoantibodies 
may play a role, but will not be further explained 
here[27,30,31]. Finally, it is important to realize that the 
relative contribution of different factors varies between 
individuals (depending on characteristics such as sex, 
age, co-morbidity and stage of disease) and that all 
these factors interact[32]. 

THE GI SYMPTOMS 
The above theories may lead to better understanding of 
the brain-gut axis and GI symptoms seen in DM. In the 
following section the most relevant symptoms will be 
described. 

Fifty percent of DM patients are affected with 
peripheral neuropathy[33]. Diabetic autonomic neuropathy 
can cause abnormal organ function with symptoms 
such as urinary incontinence, sexual dysfunction, gastro
paresis and nocturnal diarrhoea. Both the parasym
pathetic and the sympathetic nerves are affected, but 
in the early stages the vagal nerve seems to be the 
most vulnerable[34]. The vagal nerve has among others 
a great impact in regulating heart function, which - 
when damaged - can result in tachycardia and other 
dysrhythmias. When the sympathetic nerves degenerate 
the heart rate may fall slightly, but in general diabetes 
patients with autonomic neuropathy have a resting 
tachycardia. Furthermore, they may have an impaired 
adaptability of the heart rate (reduced heart rate 
variability).

The autonomic nervous system does also have a 
great impact on GI function. Epidemiological studies 
have indicated an high prevalence of GI complaints in 
DM patients[1-3], and as mentioned in the introduction, 
up to 40% with longstanding diabetes suffer from GI 
symptoms such as nausea and vomiting[1,4]. Abdominal 
discomfort is also a common symptom, which in 
severe cases may lead to weight loss and malnutrition. 
Diarrhoea can be a consequence of abnormal gut 
motor function, but may also be related to small intes
tinal bacterial overgrowth and adverse effects to 
various drugs[1-3]. Another prevalent GI symptom is 
delayed gastric emptying, which can lead to nausea, 
vomiting and weight loss[35]. The peripheral and central 
neuropathy may in theory also give rise to pain per se. 
Pain is a cardinal symptom of peripheral somatic nerve 
damage in diabetics, and it is a typical neuropathic 
pain type. In DM peripheral neuropathy is prevalent 
and can occur spontaneously or provoked by noxious 
or non-noxious stimuli[36]. As a parallel, in patients 
with pancreatitis where the visceral nerves are also 
destroyed, neuropathy may play a major role in the GI 
symptoms[37]. Thus, although speculative, peripheral 
visceral neuropathy in DM may therefore result in 
abdominal pain. As central nerve lesions in humans 
such as in spinal cord injuries and stroke also may give 
rise to pain, diabetic encephalopathy may also lead to 
symptoms per se[38,39].

other non-glucose resources such as ketone bodies 
and amino acids and hence be protected against the 
hypoglycaemic changes[7,24]. This is in contrast to the 
brain damage caused by ischemia and hypoxia. On the 
other hand, hypoglycaemia and the counter-regulatory 
hormonal responses are associated with an acute rise 
in haematocrit levels and blood viscosity, and this may 
influence capillary blood flow especially when structural 
changes of the vessels and metabolic pathways are 
already present[7]. 

Insulin in the brain
Insulin receptors are found throughout the brain. The 
systemic insulin level is increased in most type-1 DM 
patients due to exogenous insulin treatment. In healthy 
people insulin is produced in the pancreas, released into 
the portal circulation and passed on to the liver, where 
it exerts its prime metabolic effects. When patients 
with diabetes are treated with exogenous insulin it is 
absorbed directly into the systemic circulation. This 
results in 200% increased insulin level in the blood, 
depending on the injected insulin dose[7,25]. Insulin 
is thought to modulate glucose utilisation in specific 
brain areas, such as hippocampus with a central role 
for memory function, and in this way it may affect 
cognitive functions. Furthermore, brain insulin plays a 
role in satiety signalling and possible neurodegenerative 
disorders such as Alzheimer disease[26]. 

Cerebrovascular alterations 
Diabetes is associated with both functional and stru
ctural alterations of the cerebral vascular system, which 
can for example increase the risk of stroke[7]. Early 
changes DM is the reduced neuronal blood flow in the 
vasa nervorum, which can cause neurophysiological 
changes, such as endotheliopathy[19]. Pathogenically, 
reduced availability of vasodilating molecules, in 
particular nitric oxide due to its binding to superoxide 
forming peoxynitrite, play a central role[16]. Secondly, 
vasoconstrictive factors such as sympathetic tone and 
angiotensin II levels are increased. Thirdly, increased 
arterio-venous shunting reduces endoneurial blood 
flow[27]. Later on, structural changes such as pericyte 
degeneration, capillary membrane thickening and 
decreased capillary density may occur in the brain[28].

Studies regarding cerebrovascular reactivity in 
type-1 diabetes patients show that the normal increase 
in blood flow after administration of dilatory stimuli 
is impaired in DM patients. The impairment is more 
severe in patients with diabetes with longer disease 
duration or who have other complications[29]. Cerebral 
vasoreactivity and accompanying changes in blood flow 
are important in the preservation of adequate perfusion 
during abnormal events such as hypotension, hypoxia, 
hypercapnia and hypoglycaemia, all of which are 
prevalent in diabetes patients. Loss of these important 
regulatory mechanism may therefore have detrimental 
effects on the brain[7]. 

Besides the above described mechanisms, additional 
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The relationship between the visceral nerves and 
the brain is illustrated in Figure 2. The gut changes in 
DM may however, also be related to changes in the 
CNS as motility is partly influenced by interaction with 
several brain areas[8]. For example has damage to the 
dorsal motor nucleus and the paraventricular nucleus of 
hypothalamus in animals been found of importance for 
nerves controlling the gut[9], and a pathway including 
the area postrema, nucleus tractus solitaries and the 
dorsal motor nucleus of the vagal nerve has been 
shown to have great impact in controlling gut function 
including motility[9]. Such changes in motility may 
indirectly lead to symptoms[38,39].    

Other symptoms that may relate to diabetic affection 
of the brain are cognitive dysfunction. This is most 
marked in patients with an early onset of diabetes. 
When having type 1 diabetes it is most evident in the 
domains of psychomotor speed, mental flexibility and 
general intelligence. Hence, the performance on these 
domains in patients with diabetes is 30%-40% of that 
in healthy control subjects[40]. 

DIABETES AND THE CNS 
Brain changes in animals 
Changes within the brain in DM have been investigated 
in both animals and humans. Although not the focus 
of this review, a few selected animal studies are shown 

in Table 1. In animals such as rats with long-term 
streptozotocin-induced diabetes increased abnormality 
in the neuron cells and blood vessels within the brain 
have been found. Findings were altered Golgi bodies, 
mitochondria and endoplasmic reticulum cisterns, con
current with superoxide dismutase inactivation and 
aldose reductase accumulation[41]. Besides this, chan
ges in dorsal motor and paraventricular nuclei of the 
hypothalamus have been reported in animal models, 
both of great importance for controlling the part of the 
autonomic nerves that innervate the gut[9]. Additionally, 
protein kinase C was found increased, which may 
cause altered cell functioning as explained in section 
(The hyperglycaemia hypothesis)[42]. However, it is 
not yet clear to which extend the GI mechanisms are 
caused by the central neuropathy. Some changes in 
the gut function may be explained by neurotoxicity of 
streptozotocin at specific locations in the brain, which 
could have great impact on the regulation of the gut. 
When having this in mind the choice of animal model 
is critical if wrong conclusions are to be avoided and 
relevance to human disease to be maintained[9]. Animal 
models can inform us of some of the pathophysiological 
and pathogenic aspects of human disease. An advan
tage is that they may compare to human cases even 
though the animal does not necessarily have the same 
symptoms as in a human condition. On the other hand, 
major differences in morphology and function between 
rodent and human brains do exist, making the results 
of animal studies difficult to translate to humans.

As outlined above, the differences between human 
and animal brains make it important to focus on human 
research. Here, methods such as quantitative sensory 
testing (QST), electrophysiology or imaging can be used 
to explore functional and structural brain changes in 
humans with diabetes and GI symptoms, which will be 
elaborated further on in the next sections. 

QST - methodology
Clinical assessment of the sensory system in patients 
is affected by, e.g., general malaise, additional patho
physiological influences, or co-medications. QST is 
a discipline to evoke sensations such as pain under 
controlled circumstances[43]. This is advantageous as it 
encompasses many of the problems seen in the clinical 
situation and offers the opportunity to explore the 
sensory system more objectively. QST can for example 
determine the vibration sensation threshold and the 
pain thresholds for cold and warm temperatures by 
stimulating the skin, but can also be used in the deeper 
tissues such as muscles and viscera. In many of the 
studies investigated in this review, the oesophagus 
has been investigated. The methods are also able to 
selectively activate different nerve pathways to mimic 
the clinical situation such as with the multimodal 
probe that can be used in the oesophagus and rec
tum[44]. Following standardised sensory stimulation 
there are several ways to measure the response. 
Psychophysical methods such as intensity ratings 
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Figure 2  Schematic representation of the possible nerve pathways and 
mechanisms that theoretical can contribute to gastrointestinal symptoms 
in diabetics. (1) Vascular and degenerative changes in the enteric nervous 
system; Autonomic neuropathy affecting (2) the vagal nerve and (3) sympathetic 
pathways; (4) Affection of visceral (and somatic in case the peritoneum is 
involved) afferents mediating sensations such as pain; (5) Structural and 
functional changes in the brain (and spinal cord), together with (6) affection of 
spino-bulbo-spinal loops.
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are most frequently used, but they give no detailed 
information about the brains response that can be 
explored with electrophysiological or imaging methods. 
Findings from experimental pain can be used to getting 
greater knowledge of a disease and pharmacological 
mechanisms, and clinical pain symptoms may help 
explaining results from experimental pain studies. 

Findings with QST
QST has been used in several studies to investigate 
diabetes patients with GI symptoms, as seen in Table 
2. The most consistent result to painful gut stimulation 
in DM was hyposensitivity. Two studies found that 
DM patients had hyposensitivity to painful sensation 
evoked in the esophagus[11,45]. When using rectosigmoid 
electrostimulation hyposensitivity to painful stimulation 
was also found[4]. However in another study the authors 
found no significant differences in sensory or pain 
threshold to esophageal stimulations between DM 
patients and healthy controls, and findings are therefore 
not absolutely consistent[46]. In a study where the effect 
of acute hyperglycaemia was tested, increased gut 
sensitivity was seen. Hyperglycaemia is thought to affect 
the nerves, however it had no effect on the sensation in 
the patients[47]. The hyposensitivity seen in DM strongly 
supports the presence of peripheral neuropathy and 
it seems to be generalized to several gut segments. 
Hence, in comparison with healthy controls, Søfteland 
et al[48] found evidence of decreased cutaneous and 
rectal sensations in diabetes patients with sensorimotor 
neuropathy and increased GI symptoms. Rectal and 
cutaneous sensitivities were correlated and associated 
with abnormal heart rate variability supporting that all 
fibre types were affected. Another QST study in patients 
with longstanding DM, showed evidence of generalized 
neuronal damage manifested as sensorimotor, autonomic 
and central neuropathies, and the degree of peripheral 
hypoesthesia was associated to both heart rate variability 
and impaired conditioned pain modulation[49]. Pain 
and other conscious sensations are processed in the 
brain and traditionally a “bottom-up” model has been 
suggested; i.e., damage to the peripheral nerve causes 
central reorganization[4]. On the other hand, it cannot 
be excluded that spinal, brainstem or brain changes 
due to central neuropathy alone may contribute to the 

generalized sensory changes. 
QST can also be used to evoke referred pain. This 

is partly due to convergence between visceral and 
somatic afferents in the dorsal horn of the spinal cord, 
and any central hyperexcitability will increase the size of 
the referred pain area[50-53]. As increases in the referred 
pain areas were seen following stimulation of the upper 
gut in DM, this indicates a widely distribution of central 
sensitization.

Electroencephalography - methodology
EEG is the recording of electrical activity on the scalp 
produced by activation of neurons in the brain. The 
activity can basically be recorded as either evoked 
potentials following an external stimulus, or in the 
resting state[54]. In both types of recordings, the EEG 
can be used to study normal pain processing and to 
identify alterations of pain processing in different patient 
groups[54]. Most studies used evoked brain potentials 
(EPs), the concept illustrated in Figure 3. The advantage 
of EPs is that they can detect neuronal activity with 
very high temporal resolution, thereby making analysis 
of the primary sensory-specific upstream activation 
of brain centres possible. This is of major importance 
as these activations take place within the first 200 ms 
after stimulation of the periphery[54]. Compared with 
methods based on hemodynamic and metabolic 
changes (positron emission tomografi and functional 
MRI) EPs have a better time resolution (ms) and with 
the newest models the corresponding brain sources can 
be modelled with a spatial resolution of a few mm[54,55].  

Electrical stimulation is often used to activate the 
nervous system but it is unspecific as it bypasses 
peripheral receptors and depolarizes all types of nerve 
fibres. In the gut electrical stimulation primarily activates 
Aδ fibers although the majority are unmyelinated 
C-fibres, but the electrical stimulus is still to be favored 
due to the high temporal accuracy. Recently methods 
such as rapid balloon distension, which is a more natural 
stimulus, have been developed, but they have never 
been used in patients with diabetes[56]. Furthermore, 
EPs have been recorded following non-visceral sources 
such as auditory, visual and somatosensory stimuli, and 
abnormal response in the brain has been observed in 
patients with type 1 and 2 diabetes[7]. There has been 

  Ref. Methods Results

  Bhardwaj et al[42] Signal transduction in brains was investigated in rats with 
1-3 mo of induced diabetes

Protein kinase A and C were increased and calcium/
calmodulin dependent protein kinase II decreased

  Li et al[81] Proteins were extracted from brain tissues of control rats 
and type 1 diabetic rats

The proteomic identification could be a useful tool for 
understanding of diabetic encephalopathy mechanisms

  Yang et al[41] Rats were randomized into a control and a DM group and 
neuron and vessel changes were examined with electron 

microscopy

Increasing abnormality in the neurons and blood vessels 
were seen that correlated to the length of diabetes

  Ramos-Rodriguez et al[82] Brain morphology was analyzed in mice Hippocampal and cortical atrophy was found as well as cell 
proliferation and neurogenesis impairment

Table 1  Animal models of diabetes

DM: Diabetes mellitus.
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focus on the so-called late responses as reflected in 
the P300 wave of somatosensory stimuli, where the 
latency was increased in DM patients, and it has been 
hypothesized that evoked potential changes may appear 
before cognitive dysfunction develops[57]. The resting 
EEG has also been used to investigate the brain in 
patients with diabetes. This has revealed differences in 
brain connectivity and information flow, but the changes 
were not related to the evoked potentials or cognitive 
functions, and hence assess other functions of the 
brain[57,58]. More sophisticated analyses have confirmed 
that resting EEG synchronization and complexity is 
also related to cognitive function and blood glucose 
level[59,60]. However, resting EEG has not been used to 
explore neuropathy or GI changes and hence it will 
not be elaborated further in this review. Recently the 
neurophysiological changes using EPs to visceral organs 

in patients with GI symptoms have been investigated 
and these will be presented below.

Findings with electroencephalography
Studies with EPs have shown evidence of altered central 
processing to visceral stimulation in diabetes patients 
with GI symptoms and the findings were repeated in 
several tudies[61,62]. Table 2 shows an overview of the 
different studies. Using evoked potentials to stimulation 
of recto-sigmoid and esophagus the latencies of the EPs 
at vertex were increased and amplitudes reduced in 
DM patients with major variability between patients[62]. 
In recent studies where multiple channels (64-128) 
were recorded the authors were able to model the corre
sponding brain sources[2]. Compared with controls, the 
patients had a posterior shift of the electrical sources in 
the anterior cingulate cortex to oesophageal stimulation, 

  Ref. Method Results

  Frøkjær et al[11] 12 healthy controls and 12 type-1 diabetes patients with proven 
autonomic neuropathy and severe GI symptoms had their 

sensitivity to stimulations in the oesophagus and duodenum 
assessed 

A 46% increase in the somatic referred pain areas, indicating 
central hyper excitability. The results also indicated that the 

sensory nerves in the GI tract were widely affected. Furthermore 
it is suggested that future targets in the treatment of GI 

symptoms in DM patients could be based on modulation of the 
central nervous system excitability

  Frøkjær et al[63] 14 type-1 diabetes patients with autonomic neuropathy and GI 
symptoms and 15 healthy volunteers had their sensitivity to 

electrical oesophageal and median nerve stimulations assessed 
by using an euglycemic-hyperinsulinemic clamp. The EPs were 

also collected

GI symptoms correlated with characteristics of brain potentials 
in the DM patients. These results indicate a change in peripheral 

visceral nerves as well as in the central nervous system

  Frøkjær et al[47] Evoked potentials to oesophageal and median nerve 
stimulations were recorded in 14 type-1 diabetes patients with 

GI symptoms

The study concluded that acute hyperglycaemia had no effect on 
the brain activation of visceral and somatic stimulations

  Frøkjær et al[62] 15 healthy volunteers and 14 type-1-diabetes patients with 
autonomic neuropathy and related GI symptoms had their EPs  
recorded following painful oesophageal electrical stimulation

Evidence of altered central processing to visceral stimulation 
in diabetes was found. Compared to controls, the patients with 

diabetes had a posterior shift of the electrical sources in the 
anterior cingulate cortex, and additional sources close to the 

posterior insula and in medial frontal gyrus
  Frøkjær et al[45] Ultrasound monitored oesophageal distension was used to 

study 17 patients with longstanding DM and GI symptoms and 
13 healthy controls

The reduced sensitivity was associated with the presence of 
peripheral neuropathy. This indicates a coexisting change within 

the visceral and somatic neuropathy
  Brock et al[64] 14 type-1 diabetes patients with diabetes autonomy neuropathy 

and 15 healthy volunteers underwent multichannel EEG during 
painful electrical stimulation of the lower esophagus

Central neuroplastic changes within DM patients were found in 
the insular region, and it was suggested that the GI symptoms 

are due to the abnormal insular processing
  Lelic et al[46] Electrical stimulation of the rectum was done in 12 healthy 

controls and 12 type 1 diabetes patients with GI symptoms 
while having their EPs  recorded

Changes in the cingulate-operculum brain network were found 
in DM patients with GI symptoms. Changes could serve as 

a biomarker of disturbed sensory visceral processing and GI 
symptoms in patients with diabetes

  Brock et al[4] 15 healthy volunteers and 15 diabetes patients with GI 
symptoms and clinical suspicion of autonomic neuropathy were 

included.  Electrical source analysis to painful recto-sigmoid 
electrostimulations was modelled

Patients with autonomic neuropathy and  GI symptoms had 
evidence for altered brain activation and dysregulation of the 

central regulation of the autonomic nervous system, which could 
explain appearance and persistence of upper GI symptoms

  Søfteland et al[48] 16 healthy controls and 20 DM patients with sensorimotor 
polyneuropathy had their heart rate variability and peripheral 
tactile thresholds recorded and underwent a cold-pressor-test

The patients in this study suffered from generalized 
polyneuropathy evident as autonomic neuropathy, peripheral 

hypoesthesia and central changes manifested as impaired 
conditioned pain modulation

  Lelic et al[61] EPs to electrical esophageal stimulation were achieved in 
23 diabetes patients with upper GI symtoms and 27 healthy 

controls. Network analysis between active sources were 
performed

There was a reorganisation in the opercular cortex, which 
was correlated with GI symptoms. It was proposing that the 
changes in the operculo-cingulate cortex could help explain 

the development and maintenance of GI symptoms in diabetes 
patients

Table 2  Findings with quantitative sensory testing and evoked brain potentials in patients with diabetes and gastrointestinal 
symptoms

EPs: Evoked brain potentials; GI: Gastrointestinal; EEG: Electroencephalography; DM: Diabetes mellitus.
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and additional sources close to the medial frontal gyrus 
and posterior insula[62]. Another study conducted with a 
similar method found that the GI symptoms correlated 
with characteristics of brain potentials in the diabetes 
patients[63]. Furthermore a study conducted by the same 
group showed that DM patients had an anterior shift in 
insular and cingulate source localizations compared to 
healthy controls[64]. As the insula is considered one of 
the main centres from where the upstream activation of 
visceral information is controlled, this may have major 
importance for our understanding of GI symptoms 
in DM. In fact the research showed that the more GI 
symptoms (vomiting, nausea, early satiety, diarrhoea, 
abdominal pain and/or constipation) the patients 
experienced, the more anteriorly the insular source was 
located[64].

GI symptoms and their development and main
tenance were also found to correlate with reorganization 
within the opercular cortex localised between the insula 
and secondary somatosensory cortex[61]. Another study 
explored the communication between different brain 
regions. The changes in networks were correlated to 
severity of upper GI symptoms and life quality. It was 
concluded that changes in the networks could also serve 
as a biomarker of disturbed sensory visceral processing 
and GI symptoms in patients with diabetes[46]. 

Imaging methods
Another method is brain imaging where magnetic 
resonance (MR) is the dominating method. The 
contrast between grey and white matter in MRI makes 
it the optimal choice for many conditions of the CNS 
including demyelination. A specific way of analysing 
MR images is volumetry where the total brain volume 
is determined by summing the grey and white matter 
pixels, then multiplying by the voxel dimension. With 
this method, a more precise estimate of atrophy can 
be accessed[65]. Another MRI method used in some 
of the studies in this review is functional magnetic 

resonance (fMRI) with measurement of blood oxygen 
level dependent contrasts (BOLD). It measures brain 
activity by detecting changes in blood oxygenation. It 
infers regional changes in brain activity, and thereby it 
reflects whether a specific brain region is engaged to 
a time-linked neurobehavioral or neurocognitive task. 
It has been of great importance in mapping regions in 
the brain linked to specific functions[66]. More specifically 
it is a great method to examine the superficial layers 
of the brain because of the excellent spatial resolution 
(2-5 mm), but limitations are seen in the deeper stru
ctures, such as brainstem and thalamus because of 
pulsation artefacts. fMRI has the possibility to take 
individual characteristics and anatomy into account, 
which can be a major advantage. Furthermore, fMRI 
operates in a non-radioactive and non-invasive radio
active environment, allowing subjects to be studied 
repetitively[54]. Though there are many advantages of 
fMRI there are some limitations, for example the fMRI is 
clearly inferior in temporal resolution compared to EEG/
MEG, meaning that in pain studies fMRI is not a specific 
tool for investigating the primary neuronal activity 
directly related to the painful stimuli. Additionally, the 
fMRI activity to GI stimulation is not stimulus-specific. 
Hence, anticipation of stimuli can trigger similar activity 
and repeated activation can result in habituation[54]. 
Another imaging method is diffusion tensor imaging 
(DTI)[67]. It measures the directionality and magnitude 
of water diffusion in tissues. The mechanism behind 
neurostructural changes is not clear but it is the general 
belief that the integrity of axonal membrane and 
myelin sheaths is reflected by restriction of diffusion 
perpendicular to the fibres. The intra-axonal structures, 
such as microtubules, are thought reflected by diffusion 
parallel to the fibres. DTI measures the magnitude 
[described by the apparent diffusion coefficient (ADC)] 
and directionality [described as fractional anisotropy 
(FA)] of water diffusion in tissues. Reduced ADC values 
are seen in variety of CNS insults such as stroke and 
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Figure 3  Evoked potentials are recorded following a peripheral 
stimulus as indicated with the grey “lightning” and ideally a 
corresponding activity can be seen following 80-90 ms as an 
evoked potential. However, as illustrated in (2) the amplitudes 
of the evoked potential tend to be low and often comparable 
to the amplitudes of spontaneous electroencephalogram. In 
order to decode the evoked potentials from the background 
electroencephalographic activity and noise, signal averaging is 
necessary as illustrated in (3). Provided enough of recorded trials, 
the evoked potentials become bigger in amplitude and therefore 
visible and the random background activity cancel out. Then, the 
EP latencies and amplitudes of the peaks can be analyzed by 
visual inspection. When many (64-128) electrodes are used the 
corresponding brain sources can be computed based on the surface 
electroencephalographic recordings. EP: Evoked brain potential.
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trauma, whereas reduced FA is often seen in schizo
phrenia, Alzheimer’s disease and depression[68].

The last method relevant for this review is the 
arterial spin labelling, which allows the measurement 
of whole brain blood flow in absolute units through 
the use of magnetically labelled endogenous water 
in blood acting as a diffusible tracer[54]. This method 
makes is possible to tract the temporal dynamics of 
the neural activation induced by pain. It is a suitable 
method to measure the brains response to tonic stimuli 
and symptoms since it is more sensitive than fMRI to 
changes in neural activation when stimulus duration 
exceeds 1 min[54]. 

Imaging findings
Brain MRI conducted in diabetics has been used in 
different contexts. Most studies have been done in 
non-selected patients - i.e., without GI symptoms. 
In type 2 DM atrophy of the brain is mostly found in 
areas responsible for verbal, visual memory, executive 
functioning and information processing, and this may 
link to an increased risk for developing dementia[40]. 
There has also been found cortical atrophy in type-2 
diabetes patients, resembling patterns in preclinical 
Alzheimer’s disease[69]. Cerebral dysfunction has 
been convincingly shown in patients with type 1 and 
2 diabetes, but few neuroradiological studies have 
been conducted in patients with autonomic and GI 
symptoms[70]. Due to the sparse imaging research 
with focus on GI problems and diabetes this review 
have included few studies regarding general brain 
changes, as well as studies where brain changes, 
were comparable to those in animal studies with a 
correlate to GI symptoms. Generally, as shown in 
Table 3 structural changes with central atrophy has 
been reported in patients with DM. One study on 
type 2 diabetes patients found cortical and subcortical 
atrophy involving frontal and temporal brain regions, 
with diminished vasoreactivity and regional cerebral 
perfusion[71]. This supports that uncontrolled diabetes 
may further contribute to hypoperfusion and atrophy. 
More specifically MR has also been used to discover 
a larger lateral ventricular volume with larger white 
matter lesion. However, no white matter volume 
difference was found, which is opposite the grey matter 
shrinkage in the DM patients[72]. In another study with 
MR imaging the focus was atrophy and aging, and 
in midlife diabetes was associated with subcortical 
infarctions. More specifically a reduced hippocampal 
volume, whole brain volume atrophy, and mild cognitive 
impairment were found[73]. The reduced hippocampal 
volume has been confirmed in different studies including 
animal studies[9,69,73,74]. On the other hand a study that 
looked into the macrostructural brain alterations found 
no overall alterations with standard evaluations of the 
images, and it may be that the macrostructural brain 
changes are limited in well-treated type-1 diabetes 
patients[75]. It has also been suggested that the 

radiological appearance of the brain in patients with 
diabetes resembles that of normal ageing, but appears 
to develop at a younger age than in healthy controls[7]. 
In one study investigating the effect of diabetes on 
brain atrophy and cognitive impairment, pathological 
findings were only significant in women. The differences 
between the genders were an unexpected finding and 
need to be investigated in more detail[72]. 

Changes in cerebral blood flow in type 2 diabetes 
have also been investigated with arterial spin labelling[71]. 
Type 2 diabetes were associated with cortical and 
subcortical atrophy involving frontal and temporal brain 
regions and with diminished vasoreactivity and regional 
cerebral perfusion. Additionally the same study found 
that uncontrolled diabetes might further contribute to 
hypoperfusion and atrophy. 

In patients with DM and GI symptoms a study 
used cortical volumetry and found reduced cortical 
thickness of the postcentral and superior parietal 
gyrus in patients. Those with peripheral neuropathy 
showed reduction in right postcentral gyrus cortical 
thickness compared to patients without neuropathy[74]. 
DTI has also been used to investigate more subtle 
changes in the brain. More specifically a study found 
that patients with long-standing DM and GI symptoms 
have microstructural changes in brain areas involved in 
visceral sensory processing. This could be related to DM-
induced brain changes specific for the gut, although, e.g., 
insular changes may also be important in dysregulation 
of other functions[68]. The microstructural changes were 
for some areas correlated to GI parameters such as 
bloating and presence of gastroparesis, together with 
other autonomic dysfunctions and therefore may be 
involved in the pathogenesis of GI symptoms. However, 
even though the few studies in MR are consistent and 
microstructural alterations were found in diabetes 
patients with GI symptoms, they still need confirmation 
in other studies. 

POTENTIAL EFFECTS OF ANTIDIABETIC 
TREATMENT 
Many antidiabetics can potentially protect against 
harmful changes in the CNS. Hence, according to the 
pathophysiology section above improved blood sugar 
control and sparing of exogenous insulin will likely 
result in less neuronal damage. Furthermore, new 
antidiabetics such as the incretin hormone GLP-1 may 
be beneficial. Despite its insulinotrophic actions it has 
many unexplored extra-pancreatic effects. Hence, 
GLP-1 receptors are, in addition to the pancreas, found 
in the heart, lungs, kidneys and elsewhere in the GI 
tract, and its function in many of these locations is not 
yet fully understood[76]. In the CNS it primarily affects 
stimulation of glucose-dependent insulin secretion[77] 
and inhibition of glucagon secretion[78]. Interestingly, 
GLP-1 also acts as a neuropeptide with direct effect on 
regulation of vagal activity, consequently modulating 

Drewes AM et al . Brain changes in diabetes patients 



23 January 25, 2016|Volume 7|Issue 2|WJD|www.wjgnet.com

the homeostatic regulation of the gut[78]. Recently, 
potential neuroprotective function through activation 
of the GLP-1 axis has received more attention[79], 
and GLP-1 expression has been identified in neurons 
of the nodose ganglion including sensory afferents 
critical to many autonomic reflexes. Furthermore, 
diabetes patients with autonomous neuropathy were 
shown to have altered incretin effect as compared to 
patients without neuropathy[80]. Therefore - although 
it is not recommended to use GLP-1 agonists in 
patients with diabetic gastroparesis - such drugs may 
be neuroprotective and human studies are highly 
warranted.

CONCLUSION 
Investigation of the existing literature on diabetes 
patients with GI symptoms indicates the presence of 
structural and functional brain changes. This association 
was most consistent in EEG studies, but this may relate 
to the greater amount of papers using this technique. 
Especially changes in the insula seemed to correlate 
with GI symptoms. In fact there was evidence that 
the more GI symptoms the patients experienced, 
the more changes in insular source was seen, and 
communications between the insula and other brain 
regions were malfunctioning. The EEG was often 
used in combination with QST, which mainly indicated 

visceral hyposensitivity in the patients with diabetes and 
GI symptoms. Imaging studies on diabetes patients 
with GI symptoms indicated microstructural changes 
in brain areas involved in visceral sensory processing. 
Due to these findings, future targets in treatment of 
GI symptoms may be based on modulation of the CNS 
reorganisation, either pharmacologically or with afferent 
nerve stimulation. 
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