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Abstract

Both type 1 (T1DM) and type 2 diabetes mellitus (T2DM) have been associated with reduced 

performance on multiple domains of cognitive function and with evidence of abnormal structural 

and functional brain magnetic resonance imaging (MRI). Cognitive deficits may occur at the very 

earliest stages of diabetes and are further exacerbated by the metabolic syndrome. The duration of 

diabetes and glycemic control may have an impact on the type and severity of cognitive 

impairment, but as yet we cannot predict who is at greatest risk of developing cognitive 

impairment. The patho-physiology of cognitive impairment is multifactorial, although dysfunction 

in each interconnecting pathway ultimately leads to discordance in metabolic signaling. The 

pathophysiology includes defects in insulin signaling, autonomic function, neuroinflammatory 

pathways, mitochondrial (Mt) metabolism, the sirtuin-peroxisome proliferator-activated receptor-

gamma co-activator 1α (SIRT-PGC-1α) axis, and Tau signaling. Several promising therapies have 

been identified in pre-clinical studies, but remain to be validated in clinical trials.
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Introduction

There is increasing evidence that diabetes predisposes to cognitive decline leading to 

dementia in both animal models and humans with both T1DM and T2DM [1–3]. Overall, 

the data shows a stronger association between dementia in T2DM than T1DM. Specifically, 

T2DM is associated with a 50 % increase in the risk for dementia [2] and has been 

associated with impaired attention, processing and motor speed, executive functioning, and 

verbal memory [1, 4••, 5]. Among the components of metabolic syndrome, hyperglycemia 

has the strongest association with the risk of developing cognitive impairment [6]. Diabetes-

related cognitive dysfunction can seriously challenge the demand for future health resources 
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because of the increasing prevalence of T2DM and prolonged life-span. Thus, there is an 

urgent need to understand the pathophysiology of the disorder and to identify molecular 

targets and pathways that might lead to improved therapy in the future. Some of these targets 

and therapies are discussed in this review.

Epidemiology

It is estimated that there are 40 million people living with dementia worldwide and this 

number is expected to double every 20 years, to over 110 million in 2050 [7]. The most 

common type of dementia is Alzheimer’s disease (AD), which accounts for at least 60 % of 

all cases. Vascular dementia is the second most common dementing illness and has been 

estimated to account for approximately 20 % of cases [8]. Diabetes in midlife is associated 

with a 19 % greater cognitive decline over 20 years compared to those without diabetes [9]. 

The rising prevalence of diabetes mellitus worldwide is a public health concern largely due 

to the associated end organ complications. There are 415 million adults with diabetes 

mellitus worldwide and the number is projected to reach over 640 million by 2040 [10]. 

Diabetes mellitus is a significant risk factor for not only vascular dementia, but AD as well. 

Lifestyle risk factors for both vascular and nonvascular dementia include T2DM, cigarette 

smoking, and obesity.

A recent pooled analysis of 14 studies examined data from 2.3 million individuals and over 

100,000 incident cases of dementia from cohorts from Asia, Europe, and the Americas [11]. 

It was found that diabetes was significantly associated with an approximately 60 % 

increased risk of dementia. There was a 40 % risk of nonvascular dementia. For vascular 

dementia, there was a stronger effect seen in women than in men. There was a 120 % greater 

risk in women a 70 % greater risk in men, which is an 18 % excess risk in women with 

diabetes compared to men with diabetes.

It has been postulated that AD may represent the consequence of a distinct form of brain-

specific insulin resistance and impaired glucose regulation [12, 13]. In 6370 elderly subjects 

studied for 2.1 years in the Rotterdam study, 126 subjects developed dementia and 89 had 

AD [14]. T2DM doubled the risk of a patient developing dementia (RR 1.9) and AD (RR 

1.9). Patients taking insulin were at the highest risk of developing dementia with four times 

the risk [14]. Subjects with T2DM and impaired glucose tolerance (IGT) have an increased 

risk for cognitive impairment and dementia [14–16]. The severity of diabetes may be one 

risk factor for developing dementia [14]. However, individuals without diabetes that have 

higher average glucose levels also have an increased risk for dementia (P = 0.01) [17]. The 

adjusted hazard ratio for dementia in subjects with a minimally increased glucose level of 

6.4 mmol per liter is 1.18 (1.04–1.33), suggesting that the elevated serum glucose level may 

be an independent risk factor [17]. Another study indicated that insulin resistance may have 

a more important role than an elevated fasting glucose level in increasing the risk for both 

mild cognitive impairment (MCI) and AD [18]. Obesity in midlife is another significant risk 

factor associated with dementia [19, 20]. In middle-overweight elderly women, a further 

increase in the body mass index by 1 point is associated with an increase in the AD risk by 

36 % [21]. The metabolic syndrome also increases the risk of dementia [6]. Thus overall, 
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T2DM in midlife has a significant effect on the future risk for developing AD and in 

promoting the progression of MCI to AD [22, 23].

Clinical Effects of Diabetes on Cognition

The best neuropsychological tests to evaluate impaired cognition in diabetes have not been 

established. The mini-mental state examination and the Montreal Cognitive Assessment 

(MOCA) are two screening tests that are often performed in a clinical setting. More in-depth 

and sensitive testing involves in-depth evaluation of multiple cognitive domains. Tests may 

evaluate more than one domain. Five commonly assessed cognitive domains include: 

abstract reasoning; memory, with the subdomains of working memory, immediate memory 

and learning rate, forgetting rate, and incidental memory; information processing speed; 

attention and executive function; and visuospatial skills. Abstract reasoning (for example, 

the Wisconsin Card Sorting Test) is the ability to conceptualize and to analyze information 

and recognize relationships and patterns in order to problem solve on an intangible level. 

Working memory (for example, the forward and backward digit span) allows one to hold and 

process information. Immediate memory is often referred to as short term memory and 

represents the ability to remember information for a short period of time, but not to 

manipulate the information. Immediate memory may be assessed by the Rey Auditory 

Verbal Learning Test (verbal memory) and the Location Learning Test (visual memory). 

Incidental memory (for example, the Taylor Complex Figure) is memory for information 

that people were not asked to remember. Information processing speed determined the 

efficiency of cognitive function. It is assessed by timed tasks such as the trail-making test 

and the stroop color-word test. Executive functions (for example, the trail-making, stroop 

color-word, letter fluency, and category fluency tests) are needed to analyze a situation, 

develop, and carry out a plan. Visuoconstruction refers to the ability to see an object or 

picture as a set of parts and the ability to construct a replica of the original from the parts. 

Visuospatial skills (for example, the Rey-Osterrieth Complex Figure test) are required for 

depth perception, recognizing surroundings and faces, locating objects and reading.

Several studies have showed deficits in different cognitive domains in diabetic patients. 

T2DM patient have reduced performance in information processing speed, and impaired 

memory, attention, and executive function [24–26]. Compared to matched controls, T2DM 

subjects had significantly lower scores in the trail-making test B (p < 0.004), color-word 

stroop test (p < 0.005), semantic fluency (p < 0.006), digit-symbol modalities test (p < 0.02), 

text recall from the Wechsler Memory Scale (p < 0.0001), Rey-Osterrieth Complex Figure-

copy (p < 0.004), and delayed reproduction (p < 0.03).

Impaired executive function and memory is correlated with reduced gray matter density and 

reduced glucose metabolism in the orbital and prefrontal cortex, temporal cortex (middle 

gyrus, parahippocampus, and uncus), and cerebellar regions [27]. While both T1DM [28] 

and T2DM [28] are associated with impaired cognition, the current data suggests a stronger 

association with T2DM. Patients with T1DM have been found to have slower mental speed 

and reduced mental flexibility compared to non-diabetic controls [29]. These results have 

been interpreted as not suggesting an overall impairment of cognition but rather they are less 

able to flexibly acquire knowledge in new situations. A meta-analysis of 24 studies that 
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included a total of over 26,000 patients (3351 with diabetes and 22,786 non-diabetic 

controls) found that individuals with T2DM performed worse on neurocognitive testing 

compared to non-diabetic controls. Patients with T2DM showed the greatest impairment in 

motor function, executive function, processing speed, verbal memory, and visual memory 

[5].

In T2DM patients, it is unclear when cognitive impairment occurs during the course of 

diabetes. Cognitive impairment may be a very early event and is shown to be present in 

individuals who have impaired fasting glucose [30]. Several longitudinal studies have 

examined the effect of T2DM on cognitive function over time. In the Utrecht Diabetic 

Encephalopathy Study, T2DM patients showed dysfunction in several frontal cognitive 

domains at baseline. Interestingly, these patients did not have an accelerated decline in 

cognitive function over time when compared to matched controls [26]. In contrast, another 

study showed a faster rate of cognitive decline in T2DM patients [31].

The ACCORD-MIND sub-study examined if the rate of cognitive decline in people with 

diabetes differed between those treated with standard of care compared to those treated 

under intensive care guidelines. Cross-sectional data from over 3000 patients with T2DM 

demonstrated an age-adjusted inverse relationship between cognitive function and A1C 

levels [32]. However, prospectively collected data found that total brain volumes were higher 

in the intensive treatment group but cognitive outcomes were not significantly different 

between the two groups [33, 34].

In T1DM patients, impairment in psychomotor speed, cognitive flexibility, visuospatial 

function, and attention have also been described [2]. Control of glycemic status and duration 

of disease may be risk factors for developing cognitive dysfunction. In the Diabetes Control 

and Complications Trial (DCCT) and the Epidemiology of Diabetes Interventions 

Complications (EDIC) study, T1DM patients who had higher glycosylated hemoglobin 

levels (HBA1C > 8.8 %) showed moderate declines in motor speed and psychomotor 

efficiency compared to patients who had better glycemic control (HBA1C < 7.4 %) [35]. 

Among children diagnosed with T1DM, greater cognitive impairment was present in 

children diagnosed under the age of 7 compared to children who were diagnosed at a later 

stage [36].

Patients who have metabolic syndrome are also at increased risk of developing cognitive 

dysfunction [6]. In the Longitudinal Aging Study Amsterdam, cognitive testing was 

performed to include general cognition (mini-mental state examination), memory (verbal 

learning test), fluid intelligence (Raven’s Matrices), and information processing speed 

(coding task). In this cohort, 36.3 % of the subjects had metabolic syndrome (US National 

Cholesterol Education Program definition) and abnormal cognitive testing was associated 

with metabolic syndrome and increased inflammatory markers. Hyperglycemia was the 

main contributor to the observed association of metabolic syndrome and cognition.
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MRI Diagnosis of Structural and Functional Changes in the Diabetic Brain

There is evidence of MRI abnormalities including a reduction in hippocampal volumes in 

both animal models [37•] and human subjects [33, 34, 38–40] with IGR. With improvement 

in glycemic control, there is stabilization of the rate of brain atrophy [33, 34]. Working 

memory (WM), which is a susceptible cognitive domain of mild cognitive impairment, and 

AD have been assessed in T2DM. Using a visual N-back task and functional (fMRI), 

patients with T2DM exhibited worse executive and memory abilities than control subjects 

[38]. Importantly, activation was more severely diminished in frontal cortex with increasing 

task difficulty and increased WM load [38].

Brain magnetic resonance spectroscopy (MRS) in diabetic brain also shows changes 

consistent with dementia. For example, 1H MRS shows a significant difference in the 

hippocampal metabolic profile between LCR and HCR rats. 1H MRS allows the non-

invasive assessment of the altered brain metabolic profile associated with brain injury [41, 

42]. In LCR compared to HCR rats, using a creatine and phosphocreatine (Cr) internal 

standard, glutamate/tCr, myo-inositol/tCr, taurine/tCr, glycerophosphocholine, and 

phosphocholine/tCr ratios were significantly higher, whereas glutamine/tCr was reduced. 

There was no difference in the glucose/tCr and N-acetylaspartate (NAA)/tCr ratios [37•]. In 

human studies, the following general conclusions about impaired cognition in T2DM can be 

reached: NAA levels are mostly decreased, indicating loss of neuronal integrity; myoinositol 

levels are increased; excitatory neurotransmitters (glutamate and glycine) are increased; and 

inhibitory neurotransmitters (GABA) are decreased, consistent with abnormal pain 

regulation [43].

Pathophysiology of Diabetes and Impaired Cognition

Insulin Signaling in the Brain

Abnormalities in insulin signaling and insulin receptor (IR) sensitivity in the neuron and 

dendritic processes in AD have led to the hypothesis that metabolic dysfunction may be 

related to IR dysfunction (Fig. 1). IRs are expressed in the neuronal soma and more 

importantly in synaptic terminals that have a key role in preservation of memory in the 

hippocampus [44–46]. The source of insulin in the brain is uncertain and may originate from 

circulating insulin that crosses the blood brain barrier via a saturable transporter [47–49]. 

There is some evidence to suggest that insulin may be produced by the olfactory bulb and 

dentate gyrus and act in an autocrine fashion on the olfactory bulb and the hippocampus 

[50–52]. It is generally accepted that insulin signaling enhances memory and facilitates 

synaptic plasticity in the hippocampus, which has an important role in memory and learning. 

In the healthy mammalian brain, insulin facilitates hippocampal long-term potentiation 

(LTP), is associated with learning and memory, and increases the expression of N-methyl-D-

aspartate receptors [53]. Insulin also regulates the concentration of several neurotransmitters 

that have a role in memory formation, such as acetylcholine, norepinephrine and epinephrine 

[54], and promotes the accumulation of GABA(A) receptors to the post-synaptic membrane 

[55]. Although there are several lines of evidence supporting the importance of IR signaling 

in maintaining normal cognition, insulin treatment does not prevent the development of 

impaired cognitive function. Unlike its beneficial effects in a healthy brain [56, 57], 
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increasing circulating insulin levels by insulin infusions does not improve memory function 

in cognitively impaired patients and may worsen certain memory tasks [58, 59].

Mitochondria and Cognitive Function

An important function of insulin in the brain is its role in regulating mitochondria (Mt) in 

the presynaptic hippocampus [60]. Amyloid beta can blunt the effect of insulin on synaptic 

terminal Mt and deplete the energy reserves required for synaptic plasticity, learning and 

memory [60] Similar to the proposal that there is reduced Mt function in AD, cognitive 

impairment may be partly due to cortical hypometabolism and a region-specific decline in 

glucose utilization and impaired insulin signaling (Fig. 2). Interestingly, inhibitors of Mt 

bioenergetics produce a pattern of metabolic changes that mimics that observed in brains of 

AD patients [37•, 61], supporting the critical role of Mt in normal cognitive function. This 

decline in Mt function is associated with epigenetic silencing of nuclear or Mt DNA and 

failure of DNA repair that can result in neuronal failure [62]. Accumulation of mutations in 

Mt DNA and reduced Mt proteins causes functional and structural changes in the Mt [63, 

64] and may manifest as a reduction in transcription for components of the Mt electron 

transport chain (e.g., complex I and III) or regulators of Mt bioenergetics [65]. The 

consequence of these alterations in the Mt is neuronal synaptic dysfunction and loss that 

correlates with cognitive deficits in AD.

Tau is the most commonly found microtubule-associated protein in the human brain and 

phosphorylated tau is suggested to have an important role in synaptic plasticity during 

development [37•]. In AD, tau becomes abnormally hyperphosphorylated (p-tau) and 

biochemically modified by other mechanisms resulting in an increased tendency for tau to 

polymerize and form intraneuronal paired helical filament (PHF) tau protein. PHF-tau 

protein is the main component of neurofibrillary tangles, an intracytoplasmic neuronal 

inclusion consistently seen in AD. p-Tau is also found in the hippocampus of animal models 

of T1DM and T2DM [66]. A recent important observation is that p-tau is specifically present 

in the hippocampal Mt of low-capacity running (LCR) rats, a model of obesity, 

hyperinsulinemia, memory and Mt impairment [37•]. In the aged LCR rat hippocampus 

neurons, there was an increase in p-tau in the microtubule-associated protein but not in age 

and gender matched high capacity running (HCR) rat hippocampal neurons [37•]. Compared 

to HCR rats, the LCR rat hippocampal neurons also showed decreased Mt respiratory chain 

complex III activity. Respiratory chain complex I, II, or IV remained unchanged in the LCR 

animals [37•]. In the triple transgenic mouse model (pR5/APP/PS2)-triple AD mice, there is 

altered Mt function mainly related to modification of Mt complexes I and IV activity [67]. 

However, the exact molecular mechanism by which p-tau disrupts ATP synthesis and cell 

bioenergetics is unknown.

Downregulation of proteins that participate in normal Mt function is another mechanism that 

may result in impaired neuronal Mt function. The 35-kDa PGC-1α binds and colocalizes 

with PTEN-induced putative kinase 1 (PINK1) in brain Mt and is suggested to have a role in 

regulating Mt function [68, 69]. Decreased PGC-1α and PINK1 is associated with increased 

production of oxygen species (ROS) and decreased protein levels of key Mt β-oxidation 

enzymes. PINK1 immunoreactivity is observed in senile plaques, vascular amyloid 
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deposition, and reactive astrocytes associated with the AD lesions. This suggests 

upregulation of PINK1 as a possible protective mechanism in AD [70]. Downregulation of 

PGC-1α in transgenic mice results in Mt dysfunction and spongiform brain pathology [71, 

72]. PGC-1α and PINK1 expression is significantly decreased in human AD hippocampus 

and in mouse diabetic hippocampus [69] supporting the hypothesis that Mt dysfunction may 

be a shared mechanism in both disorders. Upregulation of PGC-1α increases Mt fatty acid 

oxidation by a PINK1-dependent mechanism, consistent with the concept that PGC-1α is an 

important therapeutic target.

Recent data indicates that another molecule linking dementia with Mt metabolism is Sirtuin 

1 (SIRT1). SIRT1 is an NAD+-dependent protein deacetylase that catalyzes the removal of 

acetyl groups from lysine residues in substrate proteins. SIRT1 deacetylates PGC-1α, 

FOXO, Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), and 

consequently promotes Mt oxidative metabolism and reduces reactive ROS generation. 

Furthermore, Mt biogenesis is regulated by the SIRT1-PGC-1α axis and this would be 

critical in AD where Mt show structural and functional abnormalities. Another important 

hallmark of AD is the presence of reactive gliosis, which can be prevented by SIRT1 

activators that also reduce production of pro-inflammatory mediators [73]. Thus, NAD+ 

precursors such as nicotinamide riboside or other SIRT1 activators could have a therapeutic 

role in treating dementia.

Diabetic Autonomic Dysfunction and Cognitive Impairment

Diabetic autonomic neuropathy (DAN) is a common complication of diabetes, but its 

pathogenesis remains poorly understood and it is typically unrecognized. DAN is associated 

with poor hypertension control and increased risk for stroke, which are both risk factors for 

cognitive impairment. However, there is limited evidence to suggest a relationship between 

DAN and cognitive dysfunction. Patients who have T2DM and autonomic neuropathy have 

been shown to have poorer performance on cognitive tests of visual memory compared to 

diabetic patients without DAN and non-diabetic patients [74]. There was no difference in 

verbal memory performance. Diabetic subjects with DAN did have a higher frequency of 

retinopathy and microangiopathy even after controlling for potential confounders. This 

raises the possibility that DAN may reflect abnormalities in autonomic centers in the 

hypothalamus, midbrain, brainstem and cortex. There are three prevailing hypotheses 

supporting the association between autonomic dysfunction and cognitive impairment. First, 

in neurodegenerative conditions, orthostatic hypotension and cognitive impairment may be 

due to a common pathologic process affecting areas in the central nervous system that have a 

role in cognition and autonomic control. The second hypothesis is that orthostatic 

hypotension may cause cerebral hypoperfusion which has been shown to play a role in 

causing or exacerbating cognitive impairment. The third hypothesis is that cognitive 

impairment may be a transient symptom of orthostatic hypotension rather than a chronic 

effect.

The hypothesis that cognitive impairment and autonomic dysfunction may share a common 

underlying pathologic mechanism originates from the observation that impaired autonomic 

function is present in patients with several different types of dementia (mild cognitive 
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impairment, AD, frontotemporal dementia, dementia with Lewy bodies, and Parkinson 

disease with dementia). In patients with mild cognitive impairment, there is evidence of 

sympathetic cardiac autonomic dysfunction compared to age-matched controls with normal 

cognition [75•]. The finding of preferential impairment of sympathetic function has led to 

the proposed idea that there may be damage to the right insula because the insula plays a key 

role in cognitive function and regulation of the autonomic nervous system [76]. Orthostatic 

hypotension is more common in older people. This is thought to be due to “stiffening” of the 

arterial system and a decline in the sensitivity of baroreceptors causing reduced cerebral 

autoregulation, which is needed to maintain proper cerebral blood flow. Abrupt changes in 

blood pressure due to dysautonomia can further exacerbate changes in cerebral blood flow, 

which is associated with cognitive dysfunction. Orthostatic hypotension and blood pressure 

dysregulation is associated with white matter lesions on brain imaging, silent cerebral 

infarcts, and the accumulated brain injury predicts the likelihood and rate of future cognitive 

decline [77]. The association between blood pressure dysregulation, silent cerebral infarcts 

and cognitive decline suggests that chronic intermittent reductions in cerebral blood flow 

secondary to increased blood pressure fluctuations may contribute to the development of 

cognitive impairment. In fact, the effects of blood pressure fluctuations on cognition may 

occur prior to the development of orthostatic hypotension. A large cross-sectional study of 

people over 50 years found that a reduced heart rate variability, a sign of impaired 

cardiovagal autonomic function, had a significant association with lower cognitive 

performance [77]. The transient effects of autonomic dysfunction on cognition come from 

studies of patients with peripheral autonomic disorders. Patients who have pure autonomic 

failure or an autoimmune autonomic neuropathy have been found to have a normal cognitive 

evaluation while sitting, but they perform significantly worse on tests of executive function 

during tilt table testing when compared to healthy controls [78]. The observed cognitive 

deficits that occur during tilt table testing may be due to transient cerebral hypoperfusion. In 

support of this hypothesis, imaging studies have showed decreased cerebral blood flow in 

frontal areas in patients who have pure autonomic failure. Similarly, in autoimmune 

autonomic ganglionopathy, orthostatic hypotension was found to be independently 

associated with neuropsychological impairment [79]. This study found improvement in 

cognitive scores after treatment with plasmapheresis in both upright and seated positions 

corresponding to improvement in the autonomic neuropathy.

Neuroinflammation and the Diabetic Brain

In diabetes, there is an increase in the expression of pro-inflammatory cytokines in the brain 

under diabetic conditions and this plays an important role in neuronal damage [80••]. NF-kB 

has been postulated to be involved in cognitive function. BAY 11-7082 (BAY) is a 

pharmacological inhibitor of IkBα (inhibitor of kappa B alpha) phosphorylation that blocks 

NF-kB activation and decreases interleukin-6 (IL-6) and tumor necrosis factor (TNF) levels. 

In T2DM rats, BAY improved learning and memory performance without affecting glycemic 

control [81]. In diabetic human postmortem hippocampus, there is similar activation of 

microglia to that observed in patients with AD [82]. High-fat-diet-fed mice have increased 

TNF levels and microglia/macrophage activation in the brain consistent with pro-

inflammatory changes in the brain [83]. Diabetic and obese db/db mice (db/db) display 

impaired spatial-recognition memory, which is associated with increased levels of pro-
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inflammatory cytokines (IL-1β, TNF, and IL-6), suggesting an interaction between 

inflammation and memory impairment [84]. Neuroinflammation and oxidative stress are 

also linked. Generation of ROS in the diabetic brain activates multiple cellular pathways 

including advanced glycation end products (AGE/RAGE), polyol, and protein kinase C 

(PKC) pathways, leading to increased brain inflammation and neurodegeneration [85]. NF-

kB is also a modulator of ROS and regulates the expression of TNF and interleukins, playing 

a major role in the initiation of the inflammatory cascade. Upregulation of TNF also inhibits 

insulin signaling leading to increased ROS generation and cognitive impairment [37•, 86–

88].

Therapeutic Interventions in the Diabetic Brain

Exercise and the Diabetic Brain

Recent studies including, “The Study of Mental and Resistance Training (SMART) study”, 

showed convincingly that exercise interventions were effective in reducing MCI [89, 90]. 

However, a meta-analysis of available data concluded that many previous studies had not 

shown significant improvement with exercise in older adults with MCI [91]. There is far less 

information evaluating lifestyle intervention in subjects with IGR. A pilot study with less 

than 20 subjects examined the effects of a 24-week exercise intervention program on 

cognitive function in adults with T2DM [92]. Measures of cognitive performance declined 

following the intervention, however there were several problems with the study. In addition 

to the obvious small number of subjects, the metabolic parameters generally worsened after 

the intervention, which questions the effectiveness of the intervention. The pilot study also 

lacked a control group for the intervention. In a carefully conducted study comprising 

subjects with T2DM, IGT, and IFG, there was improvement in executive function after a 6 

month aerobic intervention when compared to a stretching control group [93]. Subjects were 

only supervised for the first 8 weeks of the intervention, and there was a disproportionately 

greater number of women than men. Another study in Japanese Americans with IGT showed 

improvement in verbal memory after an exercise and dietary intervention for 6 months [94].

Other Potential Therapies

As with diabetic neuropathy and T2DM, the effect of improved glycemic control is 

uncertain. In The Memory in Diabetes (ACCORD-MIND) study, there was slowing in the 

rate of brain atrophy on MRI in patients with T2DM receiving intensive glycemic control 

compared with those receiving standard therapy. However, this was not accompanied by 

improved cognitive function [33, 34]. Clearly, glycemic level has little impact on 

neurological function in T2DM [33, 34, 95]. In contrast, insulin therapy by the intranasal 

route may be more promising for improving cognition in T1DM [96]. Insulin reduces 

intracellular amyloid plaque, promotes tau hypophosphorylation, which stabilizes 

microtubules, and promotes tubulin polymerization [96].

There has also been interest in testing other antidiabetic drugs to treat cognitive impairment. 

For example, long-lived mimetics of the glucagon-like peptide-1 (GLP-1), which are 

resistant to cleavage by proteases, affect key pathophysiological pathways that may prevent 

development of memory impairment in animal models of diabetes and AD [97–99]. 
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Liraglutide reduced memory impairment and increased synaptic plasticity in the amyloid 

precursor protein (APP)/presenilin 1 (PS1) mouse model of AD [100]. Both liraglutide and a 

newer GLP-1 analog, lixisenatide, reversed memory impairment in object recognition and 

water maze tasks, prevented synapse loss and deterioration of synaptic plasticity in the 

hippocampus, reduced beta-amyloid plaque count in the cortex, and dense-core plaque 

numbers in old transgenic AD mice [99, 100]. GLP-1 analogs that are being assessed for 

treatment of AD in human pilot studies include exendin-4 (Clinicaltrials.gov 

identifier:NCT01255163) and liraglutide (ClinicalTrials.gov identifier: NCT01843075). The 

limitation of GLP-1 is that while it facilitates insulin release from the pancreas, its short 

half-life is a limitation for therapeutic use. Thus, long-acting GLP-1 receptor (GLP-1R) 

agonists and dipeptidyl peptidase-4 (DPP-4) inhibitors have been developed as treatments 

for T2DM. These drugs have the therapeutic benefit of increasing insulin secretion and 

decreasing glucagon production in a glucose-dependent manner without promoting 

hypoglycemia. Vildagliptin and sitagliptin (DPP-4 inhibitors) increase brain GLP-1 levels, 

neuronal insulin receptor phosphorylation, restore brain Mt function, and attenuate high fat 

induced cognitive impairment [101, 102]. Human clinical trials with other GLP-1 analogs 

and other antidiabetic medications, such as rosiglitazone and pioglitazone, have also recently 

been completed but data is not currently reported.

Finally, other medications such as anti-oxidants and anti-inflammatory therapies have shown 

promise in animal models. Anti-oxidants and anti-inflammatory medications such as 3,4-

methylenedioxyphenol (Sesamol), curcumin, and vitamin E significantly improve learning 

and memory performance in STZ rats, can reduce inflammatory markers, can reverse lipid 

peroxidation, and normalize glutathione levels [103–105].

Conclusions

In both T1DM and T2DM, there are mild to moderate deficits in cognitive function that may 

be more severely manifest in T2DM where there is concomitant metabolic syndrome. MRI/

fMRI and MRS show great promise in evaluating structural, functional, and metabolic 

changes in the brain and correlating these in real-time with cognitive deficits to identify 

critical cerebral impairments and response to therapy. The pathophysiology of diabetic 

cognitive impairment is complex but is likely to involve impaired insulin signaling, 

increased inflammatory and oxidative stress pathways, and defects in Mt metabolism and 

regulation. Identifying key pathophysiological components is vital to developing new 

approaches to therapy. In T2DM, lifestyle interventions that couple aerobic exercise with 

tailored dietary interventions currently offer the most likely benefit. Even here, the literature 

showing that a lifestyle intervention improves cognition and the brain MRI in T2DM is 

controversial. Furthermore, any improvement does not seem to be linked to glycemic control 

in T2DM [33, 34]. Other therapies that improve insulin signaling or sensitivity may also 

offer benefit and trials with GLP-1 mimetics are currently active. Other therapies including 

anti-oxidants and anti-inflammatory medications are effective in animal models. However, 

the early promise of pre-clinical studies remains to be translated into evidence of benefit in 

human clinical trials.
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Fig. 1. 
Neuronal insulin signaling in synaptic plasticity and memory in normal and diabetic brain. 

Schematic outline of neuronal insulin signaling in the normal brain (a) and in the diabetic 

brain (b). In physiological conditions, insulin binding to its receptor at the synapse triggers 

phosphorylation of insulin receptor substrate-1(IRS-1). This results in phosphoinositide 3-

kinase (PI3K) activation, Akt phosphorylation, phosphorylation of GluA1, and increased 

presence of GluN2B at synapses. These events favor synapse formation and memory 

function. In the diabetic brain, insulin resistance decreases levels of insulin receptors and 

reduces insulin signaling. This leads to decreased levels of GluN2B and GluA1 

phosphorylation at synapses, ultimately leading to impaired synaptic plasticity and memory. 

The reduction in brain insulin signaling increases GSK-3b activity which increases abnormal 

tau phosphorylation
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Fig. 2. 
Mechanistic association of insulin signaling with mitochondrial function in normal and 

diabetic brain. Schematic outline of neuronal insulin signaling in the normal brain (a) and in 

the diabetic brain (b). In physiological conditions, insulin binding to its receptor at the 

synapse triggers phosphorylation of IRSs, PI3K activation, Akt phosphorylation, inhibits the 

transcriptional factor FOXO1, and promotes the AMPK-SIRT1-PGC-1α mediated Mt 

metabolic pathway. In the diabetic brain, insulin resistance and impaired insulin signaling 

reduces signaling in these pathways and decreases the stability of Mt electron transport 

proteins thereby increasing oxidative stress. Insulin resistance impairs the electron transport 

chain, reducing ATP and NAD+ generation, and inhibits activation of the NAD+-dependent 

deacetylase SIRT1. Inactivation of SIRT1 further reduces Mt function and repair. As in Fig. 

1, the reduction in brain insulin signaling also increases GSK-3b activity that increases 

abnormal tau phosphorylation
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