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Abstract

Diabetes, a global epidemic, has been shown to be linked to incidence of neurodegenerative disorders.
Hyperglycemia is linked to cognitive decline, Alzheimer’s disease, dementia and neurodegeneration in general. The
mechanisms of diabetes/hyperglycemia-mediated neurodegeneration are largely unknown. This review sheds light
on mechanisms that could possibly lead to hyperglycemia-mediated neurodenegeration namely apoptosis, oxidative
stress, AGE, etc. Additionally relevant therapeutic strategies are also discussed.
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Abbreviation:
IGT: Impaired Glucose Tolerance; AD: Alzheimer’s Disease;

GABA-γ-aminobutyric acid; STZ: Streptozotocin; AGE: Advanced
Glycation End product; MMP: Matrix Metalloproteinase; PKC:
Protein Kinase C; ROS: Reactive Oxygen species; DAG: Diacyl glycerol

Causes of Neurodegeneration in Diabetes – Possible
Culprits and Therapeutic Targets

Diabetes mellitus is fast reaching epidemic proportions globally.
About 347 million individuals were affected globally in 2011 [1]
further projected to increase to 552 million by 2030 [2]. Moreover
impaired glucose tolerance (IGT), a possible condition leading to
diabetes is also projected to be up at 7.1% in 2030 [3]. While the
numbers are only increasing with time, several attempts are being
made to understand the nature and implications of this disease.

It has been well established that patients with diabetes are at a three-
fold risk of developing cardiovascular diseases [4]. Interestingly as
early as 1976, diabetes was considered to be a kind of “accelerated
aging” since it increases an individual’s susceptibility to degenerative
diseases such as kidney disease, hypertension, coronary artery disease,
stroke, atherosclerosis and recently accelerated brain aging [5].
Although diabetes may be associated with increased risk of dementia
and brain damage, the mechanisms underlying it is still unclear. If as
estimated, prevalence of diabetes in adults increases, thus increasing
the risk of dementia, serious implications to public health is almost
inevitable.

Neurodegenerative disorders, as the name suggests, is a progressive
impairment of any brain function which, like diabetes, predominantly
affects the adult population worsening with increasing age. It could
either be caused due to impairment of specific neurons or a general
neuronal impairment. As a result, some highly specific neuronal
functions such as vision, hearing or general brain/neuronal function as
observed in dementia are affected. Several neurodegenerative disorders
are known to be associated with age-related symptoms such as

diabetes, obesity, metabolic syndrome, etc. [6]. There is evidence that
neurodegenerative disorders are more prevalent in diabetes compared
to incidence in general population. Clinical studies suggest
impairment in neuropsychological functioning in diabetic patients [7].
More studies show that diabetics have a higher prevalence of global
cognitive impairment [8] and greater cognitive decline [9] compared
to normoglycemic individuals. It has also been shown that diabetes is a
risk factor for Alzheimer’s disease (AD) [10-13]. Furthermore, there
were deficits in hippocampal-based memory performance and
cognition alongside diabetes-mediated reduction in brain volumes of
diabetic individuals [14]. Taking all this into consideration the aim of
this review is to discuss the possible mechanisms that link diabetes and
neurodegenerative disorders; and to analyze hyperglycemia-mediated
apoptosis as a possible causal event in neurodegeneration in diabetics.

Brain Energy Metabolism
Glucose is the most preferred energy substrate for brain and it is

almost entirely oxidized to CO2 and H2O under normal conditions
[15]. Although brain represents only 2% of the body weight, it requires
about 15% of the cardiac output, 20% of total oxygen consumption
and 25% of total body glucose for its functioning [16]. Oxygen
consumption and CO2 production in brain is almost identical thus
indicating that carbohydrates are its substrates for oxidative
metabolism [17]. Glucose apart from being oxidized also enters other
metabolic fates such as being incorporated into lipids, proteins and
also being utilized as a precursor for certain neurotransmitters such as
γ-aminobutyric acid (GABA), glutamate or acetylcholine [17,18].
While glucose is majorly preferred by the brain, under particular
conditions of starvation, exercise, diabetes, etc. plasma ketone bodies
such as acetoacetate and D-3-hydroxy butyrate are utilized as
metabolic substrates [19]. While speaking of glucose as the primary
substrate in brain, the major question that arises is what are the effects
of hyperglycemia such as in a pre-diabetic/hyperglycemic setting?

It is unclear as to whether glucose uptake is affected in brain in
diabetes. Some studies show that there is a comprised blood brain
barrier with increased permeability in diabetes [20,21]. Astrocyte gap
junction integrity is also reduced in STZ-induced diabetic animals
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[22]. Seaquist et al. however showed that glucose uptake into the brain
is independent of plasma insulin levels [23] indicating that insulin
resistance might possibly not impact glucose uptake in brain.

Diabetes and Neurodegeneration
Although there is not much direct evidence showing a link between

diabetes and neurodegeneration, several studies have shown a
correlation between Type 2 diabetes and brain atrophy and decreased
neuronal integrity. There is significantly greater brain atrophy in
diabetic patients compared to non-diabetic matched controls [24].
There is also evidence that patients with type 2 Diabetes have a
significantly reduced total brain volume and an increased peripheral
cerebrospinal fluid volume pointing towards a possible chronic
cerebral atrophy [25]. In streptozotocin (STZ) induced diabetic rat
models, encephalopathy with neuronal degeneration and
inflammation and impairment in gap junction communication has
been observed [26].

Interestingly, neurodegenerative diseases have also been shown to
affect glucose metabolism in brain. Alzheimer’s disease (AD) affected
brain exhibits lower metabolic rates of glucose and abnormalities in
insulin sensitivity in brain which leads to a hyperglycemic
environment which possibly leads to neuronal death [27-29]. Methyl
glyoxal (Advanced Glycation End product - AGE) may be a promoter
of neuronal death via AGE formation that plays a role in insulin
resistance thereby impacting brain glucose metabolism [30]. Insulin
resistance decreases glucose metabolism which in turn
hyperphosphorylates tau protein causing neurofibrillary tangles [31].
A transgenic mouse model of AD, superimposed with Type 2 diabetes
also showed an increased tau protein phosphorylation [32].

Studies have also demonstrated white matter lesions and cerebral
atrophy with diabetes [33,34]. Increased glycation observed in diabetic
patients as well as glycated proteins in AD plaques and neurofibrillary
tangles makes it plausible that diabetic patients have increased risk of
developing AD-associated brain lesions [5]. Postmortem studies on
216 diabetic patients showed that patients with ApoE-ε4 allele, which
is a genetic risk factor for AD, showed increased hippocampal neuritic
plaques, neurofibrillary tangles in cortex and hippocampus as well as a
higher risk of cerebral amyloid angiopathy [11]. Another postmortem
study with about a 1000 diabetic patients showed that diabetes leads to
greater cortical atrophy [34]. Kamada et al. have proposed a
hyperglycemic model whereby high glucose levels increases oxidative
stress and matrix metalloproteinase-9 (MMP-9) activity which results
in blood brain barrier dysfunction after ischemia-reperfusion injury.
This data suggests that under hyperglycemic conditions when blood
brain barrier is compromised, it could cause inflammatory cells and
fluid to penetrate brain leading to edema and cell death [35].

Several studies have also shown impaired neuropsychological
functioning in diabetic patients [36]. Simultaneously, this is
compounded by genetic factors that impact on the incidence of
neurocognitive disorder. Family history of diabetes appears to increase
the risk of coronary heart disease (CHD) [37]. Furthermore genetic
predisposition to T2DM also has been shown to accelerate
atherosclerosis [38]. Interestingly, even in the absence of pre-diabetes
or diabetes, subjects who have a family history of diabetes are at a
higher risk of cardiovascular diseases (Reviewed in [39]). However, if a
family history of diabetes predisposes an individual to
neurodegeneration needs to be explored. Several groups have shown
that diabetics who are carriers of apolipoprotein E ε4 allele are more

susceptible to cognitive impairment compared to individuals without
either diabetes or the allele or both [40-42]. These studies have clearly
demonstrated the link between neurodegeneration and diabetes.
Possible mechanisms that could bring about neurodegeneration in
diabetes will be discussed henceforth.

Neurodegeneration and Apoptosis
In chronic neurodegenerative diseases, apoptosis is the

predominant form of cell death [43-45] and in turn impaired neuronal
function. There is evidence suggesting that caspases are activated in
AD, Parkinson's disease, and dementia associated with human
immunodeficiency virus infection [46-48]. The cause of the selective
death of motor neurons in AD, for the most part, not understood. But
it can be said with some confidence that apoptosis/activation of
apoptotic signaling cascade in specific neurons play a major role in
neurodegeneration. As mentioned earlier tau protein
hyperphosphorylation results in formation of tangles and eventually
neuronal cell death [31]. In general, several works have indicated tau
protein hyperphosphorylation as a salient feature in both type 1 and
type 2 diabetic models [49]. Hence elucidating the underlying
mechanisms of apoptosis in neurodegenerative diseases would provide
very useful insights on the disease progression and possible
therapeutic targets.

There have been convincing proof that hyperglycemia mediates
apoptosis. Also apoptosis of selective neurons is a key event in
neurodegenerative disorders. Hence it is important to know if
hyperglycemia-mediated apoptosis could be a contributing factor in
neurodegeneration of diabetic/pre-diabetic individuals (Figure 1).

Figure 1: Schematic representation of possible mechanisms of
Diabetes/Hyperglycemia-mediated ROS and Apoptosis as a cause
of Neurodegeneration. HBP – Hexosamine Biosynthetic Pathway,
PPP – Pentose Phosphate Pathway, AGE – Advanced Glycation
End products

Hyperglycemia-mediated Apoptosis
In general, an alteration in substrate energy metabolism under

hyperglycemic conditions is a contributing factor for the various
metabolic perturbations. Several glucose utilizing pathways are known
to be involved in this process. Hyperglycemia-mediated detrimental
effects may be mediated by various pathways of glucose utilization
including the pentose phosphate pathway, polyol pathway, PKC
activation, AGEs and hexosamine biosynthetic pathway.

Hyperglycemia-mediated apoptosis has been well documented in
several previous studies [50,51]. For example, human umbilical vein
endothelial cells exposed to 30 mM high glucose for 72 hours exhibited
increased apoptosis [52]. Moreover, aortic endothelial cells exposed to
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30 mM high glucose culturing conditions displayed greater glucose
oxidation, increased superoxide production [53] and DNA damage.
PARP is subsequently activated [54] resulting in apoptosis.

The hexosamine biosynthetic pathway (HBP) is known to play a
role in high glucose-mediated apoptosis [55]. O-GlcNAcylation of
certain proteins can lead to increased apoptosis. For example,
hyperglycemia-induced HBP flux leads to greater O-GlcNAcylation of
p53 resulting in increased angiotensin synthesis and apoptosis [56].
Recent studies have shown that increased flux through HBP and
subsequent O-GlcNAcylation of certain pro-apoptotic proteins such as
BAD leads to increased BAD-BCl-2 dimerization leading to increased
apoptosis [57,58].

Protein kinase C activation is another stress signal in hyperglycemic
cells. PKC controls target protein function via serine and threonine
residue phosphorylation. Upstream signals that activate PKC such as
diacylglycerol (DAG) are found in higher concentrations under
hyperglycemic conditions [59]. As a result of PKC activation during
hyperglycemia there are various intracellular effects such as increased
ROS production which could possibly lead to apoptosis [60].

High glucose conditions in the system also affects polyol (sorbitol)
pathway, whereby the key enzyme aldolase reductase uses up reducing
equivalents (NADPH) resulting in a decrease in reduced glutathione
[61]. This in turn leads to intracellular oxidative stress and subsequent
ROS-mediated effects [62]. Additionally polyol pathway has also been
linked to diabetic peripheral neuropathy [63]. Pentose phosphate
pathway which has not been directly implicated in pathogenesis of
diabetes may also play a possible role in exacerbating the effects of
diabetes. Activation of the pentose phosphate pathway under
hyperglycemic conditions due to higher utilization of NADPH, results
in a high NADH: NAD+ ratio that results in de novo synthesis of
diacylglycerol [64]. This results in PKC activation as explained
previously or accumulation of dihydroxyacetone and other glycolytic
metabolites causing further damage.

With diabetes hyperglycemia also directly leads to ROS production,
increased cellular stress and glucotoxicity. In an upstream effect of
hyperglycemia, production of increased amounts of reactive oxygen
species is also known to have detrimental effects on cellular function
[65]. The proposed mechanisms of oxidative stress-mediated diabetic
complications include activation of transcription factors, advanced
glycation end products (AGE) and protein kinase C (PKC) [66] as
discussed earlier in this review. Excessive free radical production is
known to damage cellular proteins, membrane lipids and nucleic acids
eventually causing cell death [67]. Moreover, hyperglycemia, as such,
may also act as a stress signal, resulting in cytochrome-c release, the
activation of caspase-3 [50] and apoptosis and apoptotic cell death in
response to hyperglycemia may be dose-dependent indicating a
greater degree of apoptosis at higher glucose levels [50]. Although
there are a handful of mechanisms that can cause hyperglycemia-
mediated apoptosis, there is limited data on their effects on neuronal
cells per se. Hence further studies focusing on the effect of each of the
above mentioned glucose pathways on neurodegenaration are
necessary.

Could Aging be a Possible Link?
It has been widely accepted that both diabetes and

neurodegeneration are prevalent in aging/aged individuals. Aging
exacerbates incidence of both diabetes and neurodegeneration and
provides a possible common link between the two conditions.

Impaired glucose tolerance in aged individuals has been shown to be
affected by various aspects of aging such as changes in lean body mass,
altered insulin secretion, etc. [68]. Although age has pointed towards
increased incidence of neurodegeneration in normal and diabetic
individuals, whether diabetes poses increased risk of developing
neurodegenerative disorders in aging/aged individuals needs more
probing. The actual mechanisms involved are of great interest and a
potential future direction for neurophysiological research.

The role of mitochondria cannot be over looked in the context of
aging and metabolism. Mitochondrial free radical production, as
mentioned earlier, might be linked to apoptosis, in addition to being a
driving force in accelerated aging [69]. Hence a possible combination
of mitochondrial oxidative damage triggering apoptosis and aging
under hyperglycemic conditions is yet another link between diabetes,
aging and neurodegeneration. Bechmann et al. observed that
uncoupling proteins (UCP) 2 play a role in protecting against neuronal
injury. They report that induction of UCP2 after lesions in mice result
in a decreased activation of caspase 3 and thereby decreased apoptosis
in brain [70]. Interestingly there have been studies that identify UCP2
as a glucose sensor regulating ATP production [71]. Methyl glyoxal
(Advanced Glycation End product - AGE) may be a promoter of
neuronal death via AGE formation [30]. AGE-cross-linked aggregates
could also possibly contribute to pathophysiology of AD.

AGEs are known to be neurotoxic [72,73] and increase the
cytotoxicity of amyloid-beta fragments [74]. Given that hyperglycemia
leads to AGE formation which in turn is linked to neurodegeneration,
anti-AGE and anti-glycation drugs could be possible therapeutic
targets.

Therapeutic Targets
Although there have been no known pharmacological treatments

for diabetes-mediated neurodegeneration till date, this section would
discuss possible therapeutic strategies in improving cognitive health in
diabetics. Additionally, known adverse effects that need to be
considered when administering treatments will also be discussed.
Some studies have suggested that a tighter control of glucose levels
might prove beneficial [75,76] however this claim has not been
confirmed as a few other groups showed no improvements in
cognitive decline [77]. In fact tight glycemic control could possibly
cause hypoglycemia which is causal agent for cognitive decline [78,79].
Some studies have shown a beneficial effect of oral anti-diabetic drugs
on cognition e.g. thiazolidinediones [80] however other larger trials on
similar drugs such as rosiglitazone did not show any beneficial effect
[81]. On the other hand metformin has been shown to accelerate
symptoms of AD in diabetic patients due to increases in amyloid
peptides [82] and also accelerate cognitive decline in T2DM [83].
Effect of other glucose-lowering drugs such as sulfonylureas could
possibly be tested for effects on cognitive performance.

Anti-glycation agents could be another angle for tackling high
glucose mediated cognitive decline. Carnosine, a naturally occurring
dipeptide in human tissues is an anti-glycation agent which reduces
AGE formation by reacting with aldehydes and ketones [84].
Carnosine supplementation as well as carnosinase inhibitors could
prove helpful in treating AGE-mediated diabetic neurodegeneration.
Similarly inhibitors of AGE-induced cross-links as well as cross-link
breakers such as amidoguanidine [85] and thiazolium salts respectively
could also be tested for efficacy in treating diabetes-mediated AGE-
linked neurodegeneration [86].
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Pleiotropic drugs with several beneficial effects have gained
popularity recently and are being widely tested recently. Since there
are several possible causes for diabetes-mediated neurodegeneration,
drugs with pleiotropic effects could be very effective in treating several
adverse effects. Example: Actovegin, a drug known for its effects such
as improved glucose utilization, increased neuron survival, reduction
in oxidative stress, inhibition of PARP and reduced apoptosis has also
been studied to have neuroprotective and metabolic effects [87].
Hence it would be worth testing Activegin and similar pleiotropic
drugs for possible neuroprotective effects alongside several other
positive pleiotropic effects.

Several anti-oxidants have also shown beneficial neurological
effects. Ascorbic acid for instance is helpful in memory restoration in
aged mice [88]. Vitamin E, also a known antioxidant, is reported to
reduce the risk of AD [89,90]. Alpha-hydroxy cinnamic acid has also
been shown to reduce hyperglycemia-mediated apoptosis [57].
Additionally, oleanolic acid also decreases high glucose-mediated
apoptosis [91]. The advantage of using nutraceuticals in bringing
about anti-apoptotic effects may prove crucial in focusing therapeutic
efforts on minimal side effect natural food-based drugs e.g resveratrol
from red grapes, quercetin [92], cinnamic acid from cinnamon and
oleanolic acid from cloves. The effect of these antioxidants in
improving neurological function is worth studying in future. As an
upstream cause for apoptosis, oxidative stress has been shown to
mediate several molecular damages as explained previously. It
activates transcription factors, advanced glycation end products (AGE)
and protein kinase C (PKC) and is known to damage cellular proteins,
membrane lipids and nucleic acids eventually causing cell death.
Antioxidant treatment can prove helpful in reversing these effects,
decreasing cell death and hence improving cognitive function.

As mentioned above, there are not any identified treatments for
dementia or neurodegeneration. Exploring available drugs used in
treatment of diabetes, anti-glycation drugs or antioxidants and testing
their efficiency in cognitive improvement will possibly prove beneficial
in employing novel treatments for neurodegeneration. The scope of
studying various therapeutic targets in neurodegeneration is wide.
Since not much work has been done so far to identify an effective
treatment for improving cognitive function, the above mentioned
possibilities should be explored in future.

In conclusion, neurodegeneration has been shown to be
exacerbated by diabetes and hyperglycemia. Hyperglycemia-mediated
apoptosis, oxidative stress, AGE, PKC activation, etc. could be possible
mechanisms of neurodegeneration in diabetics. Therapeutic targets
aimed at attenuating the above mentioned mechanisms could possibly
ameliorate neurodegeneration in diabetic patient. Further research on
the various mechanisms and therapeutic targets is required to get
answers to this very compelling problem.
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