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Abstract 


Overview-Diabetes and Cerebral Metabolism: Diabetes mellitus (DM) per se adversely alters cerebral metabolism, promotes cerebral atrophy and accelerate brain aging, and affects cognitive function. There is a consensus now that the cognitive decline should be listed as one of the major complications of diabetes. The insulin receptors are widely expressed in the brain and insulin as a pleiotropic peptide plays various roles in cerebral metabolism, neuronal growth, neuroplasticity and neuromodulation, and cognitive processes such as reward, motivation, cognition, attention, and memory formation. The insulin signaling mediates various alterations in neuronal integrity and functions in both the patients with type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM).

Contributors to Cognitive Decline in DM: There are various factors that contribute to the development of cognitive decline in patients with DM. Adults with diabetes have also been found to have structural changes, including atrophy and leukoariosis. The extremes in glycemia experienced by patients with T1DM and advanced T2DM have an impact on brain, and chronic exposure to recurrent hyperglycemias and hypoglycaemia leads to alterations in brain structure and function. During hyperglycemias in patients with both T1DM and T2DM, there is slowing of cognitive function, increased number of mental subtraction errors, loss of inhibition and focus, impaired speed of information processing, decreased attention, and impaired working memory. Higher glycated haemoglobin values are associated with moderate declines in motor speed and psychomotor efficiency.The hypoglycaemia also affects the cognitive functions adversely. The cortex, basal ganglia, and hippocampus are especially vulnerable to hypoglycaemia, and hypoglycaemia selectively damages neurons with sparing of astrocytes and oligodendrocytes. The impaired hypoglycaemia awareness adds to the cognitive function. Because the brain depends almost exclusively on glucose, recurrent hypoglycaemia may be a threat for cognitive dysfunction and cerebral damage, and the patients with DM are at increased risk for accelerated cognitive decline and dementia.

The Role of Insulin Resistance: There is evidence that insulin resistance (IR), a factor contributing to the onset of T2DM, may play a role in the pathogenesis of MCI and AD, which are approximately 1.2-to1.7-fold higher in patients with T2DM compared with a control population. On the other hand, T2DM is also more common in patients with AD. The IR has been correlated to increased neuro-inflammation, inflammatory markers and vascular disease. It also causes disruption of the hypothalamic-pituitary adrenal axis and increased cortisol levels which may contribute to cognitive dysfunction. Finally, the IR contributes to cognitive dysfunction by affecting the metabolism of APP and β-amyloid leading to accumulation of β-amyloid and promoting the formation of senile plaques.

The Impact of Longstanding DM: With aging in diabetic patients, the intrinsic brain tissue changes, vascular disease and alterations in cellular bioenergetics hamper the brain's ability to cope up with metabolic stress. There occur cerebral structural and functional alterations like, cerebral atrophy and white matter lesions, micro-hemorrhages and lacunar infarcts, and neuronal dysfunction and network alterations. Patients with DM have a 2-to 6-fold increased risk of vascular disease. There occurs thickening of capillary basement membranes in cerebral vasculature, which is the hallmark of diabetic microangiopathy, and leads to decreased cerebral blood flow, which is akin to that encountered in AD. The decrease in cerebral blood flow, coupled with the stimulation of the thromboxane A2 receptor contributes to the inability of cerebral vessels to adequately vasodilate, and increases the likelihood of ischemia. The coexistence of ischemia and hyperglycemias may be particularly detrimental to the brain.

Conclusion-Search for the Solutions: The cognitive decline affects ADL and QOL, it affects life expectancy also. The MCI is a stage before dementia, and when accompanied by DM, its progression to dementia is accelerated. There is preponderance of lifestyle-related diseases, such as adiposity, metabolic syndrome, IR, hypertension and dyslipidemia, in the middle aged, and risk factors for cardiovascular disease accumulate in diabetic patients. This leads to a subclinical inflammatory state which has been related to a higher risk of cognitive decline and dementia, including vascular dementia and late onset AD.
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Overview: Diabetes Mellitus, Aging and Cognitive Dysfunction



The aging is the accumulation of alterations over time at cellular, tissue and organ levels in an organism. Further, the aging is characterized by alterations in metabolism and homeostasis, and affects carbohydrate homeostasis by altering pancreatic β cell function, β cell mass, insulin secretion and insulin sensitivity, and predisposes for insulin resistance (IR), impaired glucose tolerance and diabetes. Thus, the aging is an important risk factor for metabolic disorders including obesity, impaired glucose tolerance, and type 2 diabetes mellitus (T2DM). The prevalence of T2DM and its complications increase with age, and predispose to various age- related diseases such as atherosclerosis, cardiovascular disease (CVD), stroke, Alzheimer disease (AD), Parkinson's disease and cognitive decline.

DM and cognitive decline

During the recent years, there have been significant advances in our understanding the way diabetes mellitus (DM) adversely alters cerebral metabolism, promotes cerebral atrophy and accelerates brain aging, and affects cognitive dysfunction. The cognitive decline is, thus, a well-established complication of DM is in both the patients with type 1 diabetes mellitus (T1DM) and T2DM, and there is a consensus now that the cognitive decline should be listed as one of the major complications of diabetes, like retinopathy, neuropathy, nephropathy, and cardiovascular disease. With aging, there is an alteration in cellular structure and central nervous system (CNS) physiology, which is influenced by genetic, epigenetic, as well as environmental factors and results in consequential disturbances in synaptic signaling and discrete neural circuits. The insulin as a pleiotropic peptide plays various roles in both cerebral metabolism and cognitive processes in CNS, and the alterations in neuronal integrity and function appear to be mediated by abnormal central insulin signaling.

There have been identified various neurocognitive abnormalities and dementia including Alzheimer's disease (AD), the incidence of latter is about 2-3 times higher in diabetics than in non-diabetics [1]. As documented by epidemiological studies, T2DM can be considered an independent risk factor for dementia [2]	,	and the risk of dementia increases with the duration of disease [3]	.	The same, though, appears not be true for patients with T1DM as compared with the rest of the population. There was found no evidence of substantial long-term declines in cognitive function in a large group of patients with T1DM who were carefully followed for an average of 18 years, despite relatively high rates of recurrent severe hypoglycaemia [4]. Further, despite relatively high rates of severe hypoglycaemia, cognitive function did not decline over an extended period of time in the youngest cohort of patients with T1DM [5].

The results from certain studies are important to note and correlate. The Action to Control Cardiovascular Risk in Diabetes- Memory in Diabetes (ACCORD-MIND) trial, whose aim was intensive control in T2DM patients, observed a decline in cognitive function over time, and effects of intensive glycemia control were not shown [6]. In the Atherosclerosis Risk in Communities (ARIC) study, while an analysis of all subjects including non-diabetics found that glycosylated haemoglobin A1C (HbA1c) level was associated with progression of cognitive impairment in motor speed, an analysis on the diabetic subjects only did not find such an association [7]. Also, the Hisayama study showed a high prevalence of AD and vascular dementia in subjects in whom glucose intolerance had been observed 15 years previously [8].

Discovery of the link

The association between abnormal glucose metabolism and neurological disorders was first documented by Willis [9] (16211675), who noted that diabetes often appeared among persons experiencing stressful and sad life events [9]. On lines of the Willis' hypothesis, much later in 1935, Menninger [10] postulated the existence of psychogenic diabetes and coined the term, diabetic personality [10]. Since then, the accumulating evidence from experimental animal and human clinical studies have outlined a bidirectional association between diabetic metabolic disturbances and neuropsychiatric disorders (Figure 1). The diabetics have an increased risk for developing depression [11]. Further, those suffering from depression have a higher risk of developing T2DM by approximately 60 percent [12].
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Figure 1:    Three Ds: The bi-directional links between diabetes and depression, and dementia.




In DM, apart from alterations in the cerebral metabolism, structure, and functions, there are further challenges to cerebral homeostasis in form of hyperglycemias due to suboptimal treatment and therapy-associated hypoglycaemia. These metabolic challenges have an impact on the brain, which may depend on the age of the individual, their stage of neurological development, period of the illness and whether they have T1DM or T2DM.

The results from various studies indicate that hypoglycaemia in children with T1DM, is consistently associated with a reduction in neurocognitive function. Whereas, Both hypoglycaemia and hyperglycemias have been associated with long-term cognitive decline and dementia in adults T2DM. In addition, in both T1DM and T2DM, the recurrent episodes of treatment-associated hypoglycaemia impair perception and response to subsequent episodes of hypoglycaemia. Whereas, the uncontrolled DM affects adversely the brain metabolism and function and various altered cerebral functional aspects may be indirectly linked to the abnormal cerebral glucose metabolism. Neurotransmitter metabolism, cerebral blood flow, blood-brain barrier and micro vascular  function are affected to varying degrees by chronic hyperglycemias, in the context of insulin resistance and relative insulin deficiency Hyperglycemias damage certain cells, including neurons, which are unable to reduce the transport of glucose inside the cell, leading to high intracellular glucose. This has been associated with neuronal dysfunction, cognitive deficits, accelerated cognitive decline, an increased risk of vascular dementia, and AD. As documented, In T2DM, cognitive changes mainly affect learning, memory and information processing speed [13].

The role of astrocytes

In normal situation, cerebral function is associated with exceptionally high metabolic activity, and requires continuous supply of oxygen and nutrients from the blood stream. The brain energy metabolism is compartmentalized in neurons and astrocytes, and astrocytes glycolysis serves the energetic demands of glutamatergic activity. Apart from scaffold-associated function, astrocytes in brain play various roles. With the development and optimization of non-invasive techniques, such as nuclear magnetic resonance spectroscopy, The understanding about astrocytes metabolism have become clear [14]. The rate of oxidative metabolism in astrocytes is about half of that in neurons, and can increase as much as the rate of neuronal metabolism in response to synaptic stimulation to support neurotransmission- associated functions, such as restoration of ion gradients caused by action potentials, post-synaptic currents, and transport of glutamate into vesicles. In addition, the glial metabolism provides energy for neurotransmission besides housekeeping tasks, likely fuelling the production and action of modulators of neuronal activity and of synaptic plasticity, supply of antioxidant molecules and neurotrophic factors that are necessary for adequate brain function, and regulation of blood circulation. Moreover, the astrocytes are important source of glycogen that can be used for neurotransmission support and during hypoglycaemic episodes.

The Normal and Altered CNS Metabolism in DM

The normal brain metabolism

The brain uses glucose as its primary fuel and the cerebral metabolism requires glucose transport through the blood-brain barrier, glycolytic conversion to pyruvate, metabolism via the tricarboxylic acid cycle and oxidation to carbon dioxide and water to generate adenosine triphosphate (ATP). Further, glucose is stored as glycogen in astrocytes, which is important for tolerance of hypoglycaemia, metabolic response to somatosensory stimulation and cellular metabolism. Normal and pathological conditions (such as nutrients and oxygen, hormones, stress and inflammatory factors) have immediate impact on brain metabolism. Moreover, neurons and glial cells exist in a mutual structural-functional relationship that depends on the peripheral supply of glucose as their major energy source. Insulin crosses the blood brain barrier (BBB), the insulin receptors are expressed in the brain, and as such insulin influences various neurological functions, apart from its effects on cerebral metabolism.

Humoral links for brain metabolism

There exists a close link between the neuronal function and the glucose metabolism mediated by insulin, and a documented role for insulin in neuronal growth, neuroplasticity and neuromodulation. Apart from this insulin serves several critical roles in the CNS under both various physiological and pathological conditions. The insulin receptors are widely expressed in the brain and influence a range of normal brain functions, such as reward, motivation, cognition, attention, and memory formation. The path physiological factors like oxidative stress and neuro-inflammation are also affected by insulin-mediated signaling.

In general, the cognitive performance is dependent on adequate glucose supply to the brain and optimal insulin action. Insulin, which regulates cerebral glucose metabolism, has also been shown to regulate hippocampus metabolism and is a mandatory component of hippocampally-mediated cognitive performance. Thyroid hormones (TH) which regulates systemic glucose metabolism and is also involved in regulation of brain glucose metabolism. TH also has interactions with insulin signaling. There are links between TH, insulin, cognitive function, and brain glucose metabolism, and TH, thus, modulates memory processes, in part by modulation of central insulin signaling and glucose metabolism [15].

In individuals exposed to excessive stress, there occurs chronic activation of the hypothalamic-pituitary-adrenal axis, resulting in the overproduction of stress/glucocorticoid hormones. This influences insulin action, associated with hyperinsulinemia and may lead to IR, and alters cerebral glucose metabolism. The exogenous administration of glucocorticoid is also associated with hyperinsulinemia and IR, and may affect cerebral metabolism.

Regulation of cerebral glucose metabolism

The glucose entry into the brain is by facilitated diffusion across the BBB. Further, there is evidence that the glucose transport adapts to the changes in cerebral metabolism, neural activation and changes in plasma glucose levels [16]. The brain, too, plays an important role in the maintenance of glucose homeostasis. The glucose-sensing neurons which are located in ventromedial hypothalamus and arcuate nuclei, respond to physiologic changes in extracellular glucose [17]. The neurons whose activity is regulated by glucose are distributed in various brain regions. There are glucose-excited (GE) neurons which increase while glucose- inhibited (GI) neurons decrease their action potential frequency as interstitial brain glucose levels change [18].

In the brain, glucose is either oxidized to produce ATP or used to synthesize glycogen and store it in astrocytes. Glycogen is an important source of glucose in brain and able to prevent hypoglycaemia and ensure a continuous supply of glucose to maintain normal neuronal function. The astrocytes glycogen metabolism, thus, has important implications for the functioning of the brain [19]. During hypoglycaemia and during periods of intense neuronal activity, when the energy demand exceeds supply, astrocytes glycogen is converted to lactate and transported to the neurons. Thus, glycogen from astrocytes functions as a protective reserve against hypoglycaemia and ensures neuronal preservation. The glycogen turnover is slow under basal conditions and the glycogenolysis maintains a high level of glucose-6-phosphate in astrocytes to maintain feedback inhibition of hexokinase, thereby diverting glucose for use by neurons. The astrocytes are able to influence the global ratio of oxygen to glucose utilization. It has important roles in astrocytes energetic, including glucose sparing, control of extracellular K+ level, oxidative stress management, and memory consolidation [20].

Insulin in normal and altered brain metabolism

The insulin receptors are widely expressed in the brain and insulin influences a range of brain functions, such as reward, motivation, cognition, attention, and memory formation. It affects the exigencies like oxidative stress (OS) brought about by reactive oxygen species (ROS) and neuro-inflammation (NI) brought about by cellular stress, cytokines release, cellular damage and repair. The OS and NI, both have metabolic and neurologic consequences. Further, there is evidence that metabolic and neurologic disorders may share common pathophysiological mechanisms. Critical effectors of this association include alterations in energy metabolism, OS, NI, insulin resistance (IR) and corticosteroid signaling, as well as imbalances in cytokines and adipokines. The deregulation of insulin signaling leads to cognitive dysfunction and may lead to development of several neurodegenerative diseases including AD.

With aging, as documented by animal studies, the intrinsic brain tissue changes alter the cellular bioenergetics and hamper the brain's ability to cope with metabolic stress [21]. When there is glucose deprivation, the brain becomes dysfunctional and may be permanently damaged. Here, the glucose stored as glycogen within astrocytes is of potential importance for tolerance of hypoglycaemia. Uncontrolled diabetes has a variety of adverse effects upon brain metabolism and function. Many aspects of brain function may be indirectly linked to cerebral glucose metabolism, and include neurotransmitter metabolism, cerebral blood flow, blood-brain barrier and micro vascular function [22].

Challenges to the Altered Cerebral Metabolism

Normally, an increase in neuronal metabolism is associated with neurotransmission-associated functions, such as restoration of ion gradients caused by action potentials, post-synaptic currents, and transport of glutamate into vesicles [23]. The astrocytes are important source of glycogen and provide energy for neurotransmission besides routine housekeeping tasks, like the production and action of modulators of neuronal activity and of synaptic plasticity, supply of antioxidant molecules and neurotrophic factors necessary for adequate brain function, and regulation of blood flow and volume.

Hyperglycemias in T1DM

The most common cognitive deficits observed in T1DM patients are slowing of information processing speed and worsening of psychomotor efficiency [24]. Other common deficits include deficits in vocabulary, general intelligence, vasoconstriction, attention, somatosensory appreciation, motor speed and strength, memory, and executive function [25].

The glycemia control appears to play a role in cognitive performance in patients with T1DM and with better glycemia control there is improvement in functions such as psychomotor efficiency, motor speed, attention, verbal IQ scores, memory, and academic achievement [26]. The 18-yr follow-up the Diabetes Control and Complications Trial (DCCT) showed that the T1DM patients with mean glycated haemoglobin (HbA1c) less than 7.4% performed significantly better on tests of motor speed and psychomotor efficiency than those subjects with a mean HbA1c greater than 8.8%.

During acute hyperglycemias in patients with both T1DM and T2DM, there is slowing of cognitive function, increased number of mental subtraction errors and loss of focus, slowed speed of information processing, decreased attention, and impaired working memory [27]. A recent meta-analysis, which included 33 studies examining cognitive function in adult subjects with T1DMdocumented significant reductions in overall cognition, fluid and crystallized intelligence, speed of information processing, psychomotor efficiency, visual and sustained attention, mental flexibility, and visual perception in subjects with T1DM compared with controls [28]. There was no difference in memory, motor speed, selective attention, and language.

Although complications like retinopathy and nephropathy usually require years of diabetes before becoming clinically apparent, the onset of cognitive impairment has been found to occur early in patients with T1DM and deficits in cognitive function have been detected as early as 2 years after diagnosis in children with T1DM. Further, six years after diagnosis, these same subjects had impaired attention, IQ, processing speed, long-term memory, and executive function compared with controls. The age of onset of T1DM may also contribute to the presence of cognitive dysfunctions. Those who developed T1DM at less than 4 years of age had impaired executive skills, attention, and processing speed, compared to those that were diagnosed after 4 years of age [29].

Hyperglycemias in T2DM

The hyperglycaemia characterizes T2DM and has been linked to its chronic and acute complications. Cognitive dysfunction occurs in longstanding disease especially with poor glycemia control [30], and the patients with T2DM have cognitive impairments in psychomotor speed, executive function, processing speed, complex motor functioning, verbal and working memory, immediate and delayed recall, verbal fluency, visual retention, and attention [31]. But, the impact of these neurocognitive deficits on the activities of daily living (ADL) is variable. About 17.5% of elderly patients with T2DM suffered with moderate to severe deficits in ADL, 11.3% had cognitive impairment, and 14.2% had depression [32]. In general, the patients with mini-mental status exam scores less than 23 fare worse on measures of self-care and ability to perform ADL, and have increased rates of hospitalization when compared with controls [33].

These patients have slower walking speed, lack of balance and increased rate of falls, depression affecting cognitive function and ADL, and increased incidence of AD and vascular dementia [34]. The glycemia control in T2DM patients, in general, appears to play an important role in determining the degree of cognitive dysfunction and a good blood glucose control improves the outcome [35]. A linear relationship between poor performance on the California Learning Test and elevated glycosylated haemoglobin has also been noted in older patients with T2DM [36]. The acute hyperglycaemia also leads to impairments in mood state and cognitive performance in patients with T2DM [37]. It has been documented that those not having T2DM but with impaired glucose tolerance, also suffer with a risk for cognitive dysfunction [38].

Hypoglycaemia and cognitive dysfunction

The repetitive episodes of moderate to severe hypoglycaemia in both T1DM and T2DM lead to cognitive impairment. During acute hypoglycaemia episodes, the immediate verbal, visual, working and delayed memories are impaired as are the visual-motor and visual- spatial skills, and there is global cognitive dysfunction. In a study in T1DM patients by Warren et al. [39] both prospective memory and recall - immediate and delayed memories, were shown to be affected as result of hypoglycaemia episode [39]. The effect of repetitive hypoglycaemia on subsequent cognitive function, though, is not clear, and in a study by Jacobson et al, no clear-cut association between multiple severe episodes of hypoglycaemia and impaired cognitive function in patients with T1DM was documented in an 18-year follow-up [40]. This lack of association between severe hypoglycaemia and cognitive impairment has been noted by earlier studies also [41].

But, other studies have documented the association between frequent hypoglycaemia and cognitive abnormalities as on MRI imaging [42]. Another study in children with more frequent episodes of hypoglycaemia (<70mg/dl), in fact documented an increased memory and verbal scores, and overall better academic achievement when compared with less well-controlled children with T1DM [43]. Also, a 16-year follow up of T1DM patients documented that severe hypoglycaemia at a young age affected the cognitive function [44]. It appears that the children with more hypoglycaemia episodes were having overall better glycemic control, which may offset the neurocognitive damage from hypoglycaemia. Also, the severity of the hypoglycaemia as well as the less susceptibility of young brains to hypoglycaemic injury may explain the discrepancy.

Comparison of hypoglycaemia episodes in T1DM and T2DM

Though the repetitive episodes of moderate to severe hypoglycaemia have been implicated as an etiology of cognitive decline in T1DM and T2DM, the association between improved diabetes control and less cognitive dysfunction, appears to be more clear-cut in patients with T2DM than those with T1DM [45]. This may be because of the difference in natural history of T1DM and T2DM. Also, there is an increased incidence of dementia in patients with T2DM (but not in T1DM), compared with the rest of the population.

A large-scale, longitudinal cohort study documented that severe hypoglycaemia was a risk factor for dementia in elderly subjects [46]. Further, the hypoglycaemia in the elderly is often combined with pre-existing atherosclerosis, making neuronal damage more likely. On the other hand, the impaired cognitive function is likely to increase the risk of severe hypoglycaemia [47].

The Pathophysiology of Cognitive Alteration in DM

The contributors to cognitive decline

There are various factors that contribute to development of cognitive decline in patients with DM (Fig 2). There are many hypotheses with supporting evidence from animal studies and short-term as well as long-term clinical studies. Adults with diabetes have also been found to have structural changes, including atrophy and leukoariosis on MRI [48]. In large epidemiological studies, dementia seems to be more common in adults with diabetes (primarily T2DM) than in adults without the disease.

The extremes in glycemia experienced by patients with T1DM and advanced T2DM have an impact of brain structure and function [49]. The chronic exposure to recurrent hyperglycaemia and hypoglycaemia has also been linked to alterations in brain structure and function [50]. The children with T1DM experiencing episodes of severe hypoglycaemia at an age less than 5 years have reduced performance on measures of spatial intelligence and delayed recall compared to children who did not experience severe hypoglycaemia at a young age, and both sets of children with T1DM have reduced measures of verbal intelligence compared with nondiabetic sibling controls. Structural changes in children with T1DM have been identified and hyperglycaemia and hypoglycaemia affect different regions differently [51].

The role of hyperglycaemia: Both in T1DM and T2DM, the hyperglycaemia is related to cognitive dysfunction. There are various mechanisms (Figure 2):
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Figure 2:    Diabetes mellitus -the contributors to cognitive decline.





A.	Polyol (sorbitol-aldose reductase) pathway activation: In this pathway glucose is reduced to sorbitol, which is subsequently oxidized to fructose. The activation of the polyol pathway results in a decrease of reduced NADPH and oxidized NAD+; which are necessary cofactors in redox reactions [52]. Further, the decreased concentrations of these NADPH leads to decreased synthesis of reduced glutathione, nitric oxide, myo-inositol, and taurine and increased concentrations of ROS [53], include superoxide. The ROS cause neuro-inflammation and neuronal damage [54].

The Sorbitol cannot cross cell membranes, accumulates and leads to increased cellular osmotic pressure. Further, the increased sorbitol glycates proteins and forms advanced glycation end-products (AGEs), which activates of receptors for advanced glycation end-products (RAGE) and leads to inflammatory response in neurons and glial cells, and damage to white matter and myelin [55]. The patients with DM and AD both have been found to have increased N-carboxy-methyl-lysine, a type of AGE [56].

B.	Diacylglycerol activation of protein kinas C: The PKC activation leads to increased glucose shunting in the hexosamine pathway. In the rodent studies, the brain expression of protein kinas C-a has been shown to be significantly increased in untreated diabetic rats compared with those from treated and control groups [57]. This is also supported by the observation that cerebral chitin, an N-acetyl-glucosamine polymer produced via the hexosamine pathway, is increased in human subjects with Alzheimer's disease on autopsy [58].

C.	Altered Neurotransmitter Function: In addition to hyperglycaemic-induced end organ damage, altered neurotransmitter function has been observed in animal diabetic models and shown to contribute to cognitive dysfunction [59]. In diabetic rats, there is an impairment of long-term potentiation in neurons rich in receptors for the neurotransmitter N-methyl- d-aspartate (NMDA), which contributes to learning deficits. In addition, there is decreased acetylcholine, serotonin turnover, dopamine activity, and increased nor epinephrine in the brains of animal models with diabetes. Experimentally, these changes reversed with insulin.

The role of hypoglycaemia: The patients with T1DM and advanced T2DM are at risk for hypoglycaemia because the counter- regulatory response becomes impaired [60]. These patients neither reduce endogenous insulin secretion in response to falling blood sugar, nor can respond to hypoglycaemia by increasing glucagon secretion, because the α-cell and β cell dysfunction. The only preserved defence is an increase in epinephrine secretion and activation of the sympathetic nervous system, but recurrent episodes of hypoglycaemia drive down the glucose level that elicits this response. As a result, patients with recurrent hypoglycaemia may not have general symptoms of hypoglycaemia, and become unconscious from neuroglycopenia.

The underlying mechanisms may be that recurrent hypoglycaemia alters glucose sensing in the thalamus or any other brain region. The cortex, basal ganglia, and hippocampus are especially vulnerable to hypoglycaemia, which selectively damages neurons with sparing of astrocytes and oligodendrocytes. The brain compensates for recurrent hypoglycaemia by increasing brain glucose transport so that more glucose passes from the blood into the brain during subsequent episodes of hypoglycaemia. In support, in animal models, glucose transporter proteins and glucose transport are shown to be up-regulated in response to hypoglycaemia.

In general, the impaired hypoglycaemia awareness occurs in up to 20% of patients with T1DM. The therapies designed to bring glucose levels close to the no diabetic range, have increased risk of severe hypoglycemia. The young children with T1DM are particularly susceptible to cerebral complications of hypoglycaemia. The hypoglycaemia during early nocturnal sleep, a time when consolidation of memories occurs, is likely to lead to impaired memory and cognitive dysfunction [61]. The hypothesis that hypoglycaemia-induced neuronal damage occurs as a result of over-activation of a subtype of the excitatory neurotransmitter NMDA receptor [62] has been supported by the observation that an NMDA receptor antagonist prevents neuronal necrosis, which can be a potential therapy for hypoglycaemia-induced brain damage [63].

Patients with T1DM, experience on average 2 hypoglycaemic episodes per week and 1 severe episode of hypoglycaemia each year [64]. Because the brain depends almost exclusively on glucose, recurrent hypoglycaemia may be a threat for cognitive dysfunction and cerebral damage, and the patients with T1DM may be at increased risk for accelerated cognitive decline and possibly for dementia [65]. But, the patients with T1DM are able to endure moderate hypoglycaemia and recurrent episodes of severe hypoglycaemia do not appear to risk cognitive function impairment [66]. The recurrent hypoglycaemia appears to induce protective adaptations in cerebral glucose metabolism [67] and there has been no evidence of substantial long-term declines in cognitive function in a large group of patients with T1DM followed for an average of 18 years, despite episodes of recurrent severe hypoglycaemia [68].

The role of insulin resistance: There is evidence that insulin resistance, a factor contributing to the onset of T2DM, may play a role in the pathogenesis of MCI and AD, which have been found to be approximately 1.2- to 1.7-fold higher in patients with T2DM compared with a control population [69]. On the other hand, T2DM is also more common in patients with AD [70]. The insulin resistance in T2DM has been correlated to increased neuroinflammation, inflammatory markers and macro vascular disease. It also causes disruption of the hypothalamic-pituitary adrenal axis and increased cortisol levels which may contribute to cognitive dysfunction. Finally, the insulin resistance contributes to cognitive dysfunction by affecting the metabolism of APP and β-amyloid leading to accumulation of β-amyloid and promoting the formation of senile plaques.

Though the exact mechanism through which insulin resistance affects cognitive function is not known, it appears that it is through the cholinergic activity and memory formation. The impairment in central cholinergic activity is also thought to contribute to the pathogenesis of AD [71]. The patients with AD have a reduced cerebral glucose uptake and reduced number of glucose transporters in frontal cortex, hippocampus, caudate nucleus, parietal, occipital, and temporal lobe as compared with controls on autopsy studies [72]. The reduction in glucose uptake appears to have a direct effect on hippocampal function. In fact, glucose administration with a rise in endogenous insulin levels or insulin administration AD patients have been shown to alter behaviour, perhaps by enhancing cholinergic activity [73]. This has led to the hypothesis that in AD, cerebral insulin resistance requires higher levels of insulin to facilitate memory.

Further, the relationship between insulin resistance and cognitive dysfunction in AD appears to depend on the presence or absence of the APOE-ε4 allele. The presence of the APOE-ε4 allele is associated with an increased incidence of AD [74]. But, it appears that insulin resistance/T2DM and APOE-ε4 allele positivity are distinct and separate risk factors for the development of AD [75]. This hypothesis is supported by the fact that those with T2DM have a low incidence of the APOE-ε4 allele. The association between insulin resistance and AD, and peroxisome proliferators- activated receptor-γ (PPAR-γ) has also been investigated [76]. The trials have demonstrated PPAR-γ agonist rosiglitazone to have a beneficial effect on memory and cognitive function in patients with AD., probably by reducing serum glucocorticoid, decreasing glial inflammation, protecting against β-amyloid-induced neurodegeneration, decreasing β-amyloid production, increasing β-amyloid degradation, and decreasing phosphorylation of tau proteins.

The role of vascular disease: Patients with DM have a 2- to 6-fold increased risk of vascular disease and thrombotic stroke. There occurs thickening of capillary basement membranes in cerebral vasculature, which is the hallmark of diabetic microangiopathy, leading to a decreased global cerebral blood flow [77]. Interestingly, the decreased rate of cerebral blood flow in patients with DM is akin to that encountered in AD [78].

The decrease in cerebral blood flow, coupled with the stimulation of the thromboxane A2 receptor, contributes to the inability of cerebral vessels to adequately vasodilate, and increases the likelihood of ischemia. The coexistence of ischemia and hyperglycaemia are particularly detrimental to the brain. One potential mechanism through which hyperglycaemia could potentiate ischemic damage is lactate accumulation leading to cellular acidosis and worsening injury [79]. Another mechanism is the accumulation of glutamate in the setting of hyperglycaemia and ischemia [80]. Glutamate, an excitatory amino acid neurotransmitter, has been shown to cause neuronal damage in the brain. Again, there is lack of C-peptide in patients with T1DM, which may worsen cognitive impairment through its deficient action on the endothelium, as suggested by animal studies [81].

Impact of longstanding T1DM and T2DM

With aging, intrinsic brain tissue changes in cellular bioenergetics may hamper the brain's ability to cope up with metabolic stress. This has been supported by animal studies. With aging utilization of glycogen stores is increased during low glucose, particularly in hippocampus, indicating both inefficient metabolism and increased demand for glucose [82].

Cognitive impairment in T1DM: Adults with T1DM have been found to have reduced performance on tests of information processing, psychomotor efficiency, attention, visuo-constructive ability, and mental flexibility [83]. These cognitive domains are believed to reside primarily in white matter, and the changes in neurocognitive performance in adults with T1DM can be linked to changes in white matter microstructure. The diabetes, in general, leads to changes both in white matter microstructure and in gray matter density in regions with high connectivity.

Cognitive impairment in T2DM: In the T2DM Patients, the epidemiological evidence shows that the risk of MCI and dementia increases with duration of disease. There was no evidence that any specific treatment or treatment strategy for T2DM can prevent or delay cognitive impairment. The comparison of intensive with standard glycemia control strategies shows that the strategies do not differ in their effect on global cognitive functioning over 40 to 60 months [84].

Thus, T2DM is associated with cognitive deficits, mainly affecting learning, memory and information processing speed, MCI and accelerated cognitive decline, and increased risk of dementia, particularly AD [85]. Further, T2DM is associated with various cerebral abnormalities detected on MRI and other techniques of neuroimaging. In T2DM most cerebral changes are located in the frontal and/or temporal lobe and the MRI studies show gray matter loss and medial temporal lobe atrophy as are associated with AD. T2DM is also known to increase the risk of developing AD. These results suggest that T2DM to some extent be linked to AD and that diabetes and AD might share similar mechanisms underlying cognitive decline [86].

Cerebral structural and functional abnormalities in T2DM
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Figure 3:    The cerebral structural and functional abnormalities in T2DM.




Cerebral atrophy: Cerebral atrophy is the shrinkage of brain tissue, which occurs as a result of neurodegenerative processes, such as the loss of neurons and their interconnections. Associations have been found between brain atrophy and decreased performance in various cognitive domains including memory, attention and executive function, as well as processing, sensory and motor speed. Also the accelerated progression of atrophy in T2DM is found to be related to cognitive decrements (Figure 3).

Neuronal dysfunction: Neuronal dysfunction refers to impairments of the neurons, reduced functional activity of certain brain regions and the connectivity between various brain regions. The decreased neuronal activity is a manifestation of cerebral hypo perfusion and oxygenation, and alterations in the neurons including apoptosis and in the white matter. The neuronal activity has been shown to be abnormal in patients with T2DM [87].

Functional connectivity and activation: There is reduced functional connectivity in the default mode network (DMN), i.e., the network of active brain regions when the brain is at rest and the participant is not focusing on anything particular, in patients with T2DM [88]. Further, reduced functional connectivity between the posterior cingulated and the medial frontal gyri and other regions, and the hippocampus and other regions including the medial frontal cortex has been documented. There is altered brain activation in patients with T2DM during a memory task, especially in task- related regions of the DMN, frontal cortex, parietal cortex and the fronto-parietal network. Furthermore, the reduced functional connectivity and activation have been related to neuropsychological scores, glycated haemoglobin, and lipid profile suggesting a major role of glucose and lipid metabolism. The functional MRI studies consistently have documented evidence of altered neuronal activity or functional connectivity in patients with T2DM [89].

White matter tract abnormalities: There is altered integrity of axonal bundles, with an increase in apparent diffusion coefficient (ADC) found in the hippocampus and number of brain regions. The elevated ADC has been associated with reduced neuronal cell packing and increased extracellular space, possibly due to failure of neurogenesis or cell loss, manifesting as cerebral atrophy. There are other micro structural abnormalities in various brain regions in T2DM and include educed fractional anisotropy (FA) in the white matter mostly concentrated in frontal and temporal regions. The temporal lobe abnormalities have been associated with impaired memory.

Network alterations: There are altered network and structural connectivity, of both local and global kinds, in T2DM on tractography which are associated with impaired memory and processing speed. Elevated ADC and reduced FA are found in various tracts, including the superior longitudinal fasciculus, uncinate fasciculus, inferior longitudinal fasciculus, corpus callosum and cingulum bundle. Moreover, the altered hippocampal white matter connectivity is associated with memory decrements in T2DM. In these patients, the diffusion MRI studies show evidence of white matter microstructure, tract, and network abnormalities.

Metabolic dysfunction: In a recent study higher GABA+ levels and high HbA1c levels were correlated with decreased cognitive performance in T2DM patients. They also had alterations in the GABAergic neurotransmitter system, which indicates the involvement of an underlying metabolic mechanism [90].

Small vessel disease: The cerebral small vessel disease (cSVD) affects the small arteries, arterioles, venues and capillaries of the brain and manifests as white matter lesions, micro-hemorrhages, silent brain infarcts and lacunar abnormalities [91]. The accelerated vascular changes in T2DM lead to cerebral hypo perfusion, which remains statically significant after correction for cerebral atrophy [92]. Further, the hypo perfusion signifying the involvement of a vascular system varies with the brain regions [93].

White matter lesions: WMLs are typically observed as regions of bright, high-signal intensity in the white matter depicted on T2- weighted and FLAIR MRI images. More specific, deep subcortical WMLs and periventricular WMLs are found in patients with T2DM. The periventricular WMLs are associated with the rate of cognitive decline in elderly non-demented individuals. WMLs, in general, are related to impaired cognition in T2DM, especially in the domains of processing speed, memory, attention and executive functioning, and motor speed.

Micro hemorrhages: Cerebral micro-hemorrhages result from focal leakages of small blood vessels. They are often found incidentally on MRI, but their prevalence increases with age and thought to play a role in cognitive decline [94].

Lacunar abnormalities: Lacunes are small areas of infarction (3-15mm in diameter) resulting from ischemia caused by occlusion of the small penetrating branches of cerebral arteries and are associated with cognitive impairment [95]. Cerebral infarcts (i.e., lacunar, cortical, subcortical infarcts, or infarcts in general) have been observed in patients with T2DM. They lead to decreased performance in various cognitive domains, including processing speed, sensory speed, memory, executive function, and global cognition.

Silent brain infarcts: SBIs are often clinically asymptomatic. They are visible as focal lesions (2-5 mm in diameter) on MRI and are associated with cognitive deficits. Patients with T2DM often display SBIs, which are also related to impaired cognitive performance. The number of SBIs and their progression has been linked to decrements in motor speed, attention and executive functioning.

Mechanisms for accelerated cognitive decline in DM

Various mechanisms have been considered for an association between DM and accelerated cognitive dysfunction, and include atherosclerosis, microvascular disease, advanced protein glycation and oxidative stress as a result of glucose toxicity, insulin resistance and abnormal insulin action and aging and genetic factors [96].

There are some differences in the aspects of cognitive functions that are affected in T1DM and T2DM. Such aspects as information processing, psychomotor efficiency, attention, vasoconstriction and mental flexibility are primarily impaired in T1DM. Whereas, in T2DM, Psychomotor speed, executive function and memory are primarily affected [97]. In elderly T2DM patients, walking speed is reduced, balance is impaired, risk of falls is increased and fractures are more frequent. The executive dysfunction has been associated with inability to carry out lower-extremity tasks [98].

Glycemic control and cognitive decline: The glycemic control and duration of DM, both are important parameters relating to cognitive decline. It reported by Bruce et al, the number of years of diabetes duration and atherosclerosis were important risk factors for dementia [99]. The ACCORD-MIND study observed a 0.14-point drop in Mini-Mental State Examination (MMSE) score for each 1% increase in HbA1c, and this was associated with impaired aspects of cognitive function such as psychomotor speed, memory and executive function, suggesting a significant negative association between HbA1c level and cognitive function [100]. A study by Yaffe et al. [101] reported a fourfold increase in cognitive impairment in subjects with HbA1c ≥ 7%, as compared with those with HbA1c <7%, the majority of the subjects in the study were not diabetic [101]. Also, the DCCT/EDIC study, which was carried out in T1DM patients, reported that motor speed and psychomotor efficiency were reduced in a group with HbA1c ≥ 8.8%, as compared with a group with HbA1c ≤ 7.4% [102].

It appears that these discrepancies in the findings of various studies arise from the complex interaction of factors that affect cognitive function, such as the subjects selected, age group and duration of diabetes, presence of complications affecting large and small vessels, and hypertension. Also, there appears to be a certain threshold above which abnormal blood glucose levels cause cognitive impairment [103]. With intensive treatment, hypoglycaemia readily occurs, which has a detrimental influence on cognitive impairment [104]. Taking the findings of together, keeping HbA1c ~ 7% should maintain a good state of cognitive function.

An important study documented that diurnal variation in blood glucose was more closely associated with MMSE scores and other aspects of cognitive function than HbA1c, fasting blood glucose and postprandial blood glucose [105]. Also, the Hisayama study found that an increase in postprandial blood glucose was more closely associated with cognitive impairment than an increase in fasting blood glucose [106]. There have also been studies on a relationship between metabolic syndrome and cognitive decline [107].

The anti-diabetic therapy and cognitive function: The studies document that glucose control leads to improvement in cognitive function and the treatment with hypoglycaemic agents can achieve a short-term improvement in cognitive function [108]. In a 24-week study in which rosiglitazone, a thiazolidinedione, or glibenclamide, a sulfonylurea, was combined with metformin, it was documented that improved blood glucose was associated with improvement in working memory [109]. In another study, oral hypoglycaemic agents were more effective when the duration of disease was longer, and that multiple drug therapy was better at improving cognitive function than immunotherapy [110]. Regarding therapeutic agents, it has been shown that insulin- sensitizing compounds, such as the thiazolidinedione, rosiglitazone and pioglitazone, are effective in improving cognitive function [111]. In addition, the intranasal administration of insulin has been documented to be effective when its action in the brain is insufficient [112]. The agents enhancing incretin effects may have beneficial effects on neurons and disruption of brain insulin signaling, as documented in animal models [113].

In a large-scale cohort study in elderly females, however, it was noted that diabetes enhanced cognitive decline over 2 years of follow up and there was no difference between the subjects treated with oral hypoglycaemic agents and non-diabetic subjects [114]. The cognitive decline has also been reported in elderly patients receiving insulin therapy [115]. The explanation put forward is that in the elderly DM patients, probably the irreversible cognitive impairment has already set in. In other studies, insulin treatment in DM patients with AD has been shown to have beneficial effects on memory improvement and performance.

Cerebral glucose metabolism and insulin's role: The normal glucose metabolism-The brain, utilises about 25% of total body glucose mediated by insulin and the neurons require continuous supply of glucose from blood [116]. In essence, the brain increases its utilization of glucose upon activation and a large proportion of energy in the brain is consumed for the generation of action potentials and postsynaptic potentials following synaptic events, and the maintenance of ion gradients and neuronal resting potential. Additionally, glucose metabolism provides the energy and precursors for the biosynthesis of neurotransmitters and for other energy demands of brain not related to signaling [117]. The astrocytic glycogen appears to be directly relevant for learning and the glycolytic end product lactate plays a role in long-term memory formation. The astrocytic glycogen supplies carbon for synthesis of glutamate during learning. A considerably larger amount of energy is spent in the grey matter compared with the white matter [118].

Insulin and cognitive functions - There are a large number of insulin receptors in cerebral cortex and the hippocampus, which play a central role in memory. Insulin induces the release of β-amyloid peptide (AP) in cells to the cell exterior, and also promotes the expression of insulin degrading enzyme (IDE). As insulin is degraded by IDE, in the high insulin state, IDE is consumed and its amount decreases, resulting in accumulation of Ap. The latter has been related to the progression of the cognitive impairment [119].

The insulin receptors are distributed throughout the brain and the insulin-sensitive glucose transporters (e.g. glucose transporter [GLUT]-4 and GLUT-8) are present in both neurons and astrocytes [120]. Insulin plays an important role in the regulation of normal emotional and memory function, and learning, as well as regulates feeding behaviour. In addition, insulin also plays an important role in dopamine-mediated reward circuits involved in the motivating, rewarding and reinforcing cognitive functions. The chronic hyperinsulinemia, as in T2DM and obesity, down-regulates insulin receptor expression and is accompanied by insulin resistance. Thecerebral glucose metabolism and deregulation of insulin's intracellular effects have been implicated in the pathogenesis of cognitive disorders. The support comes from AD rodent models where intranasal insulin treatment produced beneficial effects on memory performance and attention. Thus, the altered insulin homeostasis, thus, appears to be important in the development of neurodegenerative diseases such as AD [121].

A cohort study in middle-aged adults documented an association between hyperinsulinemia and cognitive decline [122]. Further, in the Hisayama study, autopsy findings showed that hyperinsulinemia and hyperglycaemia as a result of insulin resistance enhanced neurotic plaque formation [123]. Furthermore, in a 12 years follow-up study in elderly men, it was reported that a reduction in insulin secretion, but not in insulin sensitivity, was associated with the onset of Alzheimer’s disease [124]. Insulin-mediated signaling pathways appear to influence AD outcome by clearing β-amyloid from the brain. In the CNS, insulin increases dopamine transporters in substantial nigra and lowers the plasma concentrations of the amyloid precursor protein, implicated in the development of AD. In addition, the mouse models with brain-specific deletions of insulin signaling molecules display increased levels of phosphorylated tau, another protein implicated in AD.

Disturbed glucose metabolism and Neurodegeneration - The brain has high energy demand and neurons are largely intolerant of inadequate energy supply. The disrupted metabolism, oxidative stress and bioenergetic stress, thus, have been linked to apoptosis through cell death pathways and autophagy, which forms the pathophysiological basis for various neurodegenerative disorders [125]	.	Hexokinase II (HKII), is a hypoxia-regulated HK is form in the brain and has been shown to control neuronal survival depending on the metabolic state. The HKII activity acts as a molecular switch that protects against neuronal cell death in the presence of oxidative stress, but increases neuronal cell death under glucose deprivation [126]	.	Another factor, GK (also known as hexokinase IV) also has a role in regulating neuronal viability depending on the metabolic state in select glucose sensing neuronal populations.

Both human studies and animal models suggest that disturbed cerebral glucose metabolism, as in T2DM, leads to cognitive impairment and AD progression [127]. The disrupted central glucose sensing, defective hypothalamic circuits and deregulated glucose metabolism in DM can potentially injure the brain through both hypo- and hyperglycaemia [128]. Further, the disturbances of insulin-mediated signaling have both metabolic and neurologic consequences, accentuated by stress and neuro-inflammation. These pathophysiological concepts form the basis of association of accelerated cognitive decline with DM, also evidenced by MRI studies showing gray matter loss [129] andothercerebral changes often located in the frontal and temporal lobes [130].

Conclusion - Finding the Solutions

Way out of the research smog

Various research studies, experimental as well as clinical, sometimes provide varying results creating research smog. It is, thus, important to dissect and analyse data for uniformity. As related to the subject matter of the current paper, collectively, the data support the notion that cognitive decline and AD in setting of DM may be conceptualized as a metabolic disorder, with progressive impairment of the brain’s capacity to utilize glucose and respond to insulin and IGF-1. Further, the studies have documented an overlap between metabolic disturbances and neuropsychiatric disorders and deregulation of insulin signaling leading to characteristic signs of neurodegenerative and cognitive impairment. Furthermore, the metabolic and neuropsychiatric disorders may share certain common pathophysiological pathways. Critical effectors of this association include alterations in cerebral energy metabolism, oxidative stress, neuro-inflammation, insulin resistance, and disruptive corticosteroid signaling, as well as imbalances in cytokines and adipokines.

Applying research to find solutions

A.	The QOL issues in DM patients with cognitive decline: The cognitive decline affects ADL and QOL; it affects life expectancy as well. On the other hand, aging entails structural and functional changes in brain, accompanied with cognitive dysfunction [131]. Mild cognitive impairment is the stage before dementia, and when it is accompanied by DM, progression to dementia is accelerated [132]. Modest cognitive decrements have been reported to be already present at the early stage of T2DM [133]. In the National Health and Aging Trends Study, the baseline DM diagnosis was associated with decline on immediate and delayed word-recall and the Clock Drawing Test. In Cox proportional hazards models, DM also predicted incident dementia in older age groups at baseline. These findings support the notion that DM is associated accelerated cognitive decline [134].

B.	Factors influencing cognitive function in diabetic patients: About half of all cases of AD are attributable to seven potentially modifiable risk factors - diabetes, midlife hypertension, midlife obesity, smoking, depression, low education level and physical inactivity [135]. There is preponderance of lifestyle-related diseases, such as metabolic syndrome, adiposity, dyslipidemia and hypertension in the middle aged diabetic patients [136]. Further, the DM is accompanied by IR and hyperinsulinemia. The IR, dyslipidemia and adiposity leads to a subclinical inflammatory state which has been related to a higher risk of cognitive decline and dementia, including vascular dementia and late onset AD [137].

It appears that in diabetic patients there is complex interaction of factors affecting cognitive function. The factors include age group and duration of diabetes, presence of other diabetic complications including vascular disease, and associated factors like hypertension, dyslipidemia and adiposity. Calorie restricted (CR) diets and diet plans for calorie restriction with adequate nutrition (CRAN) help in   improving insulin sensitivity and IR, and decreasing dyslipidemia and adiposity [138]. There appears to be a certain threshold above which abnormal blood glucose levels cause cognitive impairment. DM-associated hyperglycaemia, per se, accelerates cognitive decline [139]. With intensive treatment, hypoglycaemia readily occurs, which has a detrimental influence on cognitive function. Inference from studies and data analysis suggests that keeping HbA1c~7% with avoidance of hypoglycaemia is desirable and helps to preserve cognitive function in patients with DM [140].
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