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Due to policy boundaries, the full paper cannot be shown. Instead, this paper provides an
explicatory background and a short discussion on previous literature concerning outcomes
and pathophysiological theory.

Background/Relevance

Cognitive impairment is common in the elderly, with an estimated prevalence ranging from

1% to 29%(1, 2). This prevalence is expected to increase dramatically over the next decades(1).
Dementia, the most profound form of cognitive deterioration, is one of ten leading causes of
reduction in disability-adjusted life years (DALYs) and increased mortality(3).

Cognition and glucose

Cognition reflects various mechanisms that animals, and thereby humans, use to exploit

information from the environment including acquisition, processing, storing and acting on

environmental stimuli(4). These mechanisms are generally known as, inter alia, learning,
memory, and perception. Note that cognition does not equal intelligence, as cognition is a
more fundamental behavioral aspect whilst intelligence is the ‘cleverness’ of the behavior
as compared to the pre-specified goal(4).

Cognitive functioning is divided along several networks; a spatial attention network (e.g.

eyes), a language network (e.g. Wernicke’s and Broca’s areas for speech and language),
a memory-emotion network (e.g. hippocampus and amygdala), an executive function

network (e.g. frontal cortex) and an identification network (e.g. temporal cortex)(5). When

these cognitive functions are no longer properly executed, we refer to it as cognitive
impairment. Cognitive impairment is the transitional phase between normal cognitive
functioning and frank dementia, including Alzheimer’s Disease(6, 7). Compared to
people with dementia, people with (mild) cognitive impairment have a preserved basic

functionality(7-9). Importantly, cognitive impairment is a change in cognitive performance
rather than a bad score as compared to a population’s mean(7).
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Despite former research, the aetiology of cognitive impairment is rather unknown but

thought to be multifactorial(10-13). A possible role may be reserved for glucose, as the
above-mentioned brain structures utilize high doses of glucose compared to other
brain structures(14). Glucose is the primary fuel source for the brain, and brain glucose
consumption comprises 25% of the body’s total consumption(13, 15, 16). As such, glucose

may influence brain function through various mechanisms. For example, glucose is
known to be involved in the glycolytic and oxidative metabolism, essential for neuronal
function and survival(16). In addition, cerebral glucose plays a role in the synthesis of
neurotransmitters that are involved in cognitive functioning (e.g. via acetyl-CoA as a
precursor), and particularly in memory function (e.g. γ-aminobutyric acid, glutamate or

acetylcholine)(16-18). Additionally, adenosine triphosphate (ATP; generated from glucose),
is involved in storing, releasing and re-uptake of neurotransmitters (e.g. glutamate), and
also regulates their functioning(16). Indeed, previous research has shown that glucose

consumption can improve memory function(17, 19, 20) and is able to reduce cognitive
deficits associated with ageing(17).

Hypoglycaemia and hyperglycaemia

Although glucose levels within a normal range might enhance cognitive functioning,
abnormal levels may differentially affect brain function. Glucose levels are considered

normal when they are within a range that has a low risk for development of diabetes

and/or cardiovascular disease(21). Hyperglycaemia (a state of high levels of glucose) is

known to be glucotoxic to neurons as complete oxidation of carbohydrates yields the

production of deleterious radicals, presenting as reactive oxygen species (ROS)(22, 23).
Apart from ROS production in energy metabolism, glucose also undergoes auto-oxidation
in the presence of metal ions(24). Although the brain has several mechanisms to clear ROS
(e.g. glutathione), increased glucose and ROS levels deplete these mechanisms, ultimately
leading to oxidized, and dysfunctioning proteins(24). This oxidation also induces lipid
peroxidation, a self-maintaining process of oxidation of membrane lipids, and eventually

proteins(24). High levels of glucose also increase the production of advanced glycosylation
end products (AGEs)(22). AGEs may interfere with functional proteins (e.g. tubulin and

Na+/K+-ATPase) that are essential for memory (in terms of synaptic plasticity) and general

neuronal function(24). Both ROS and AGEs negatively influence brain function and are
even interrelated(22, 24). Apart from hyperglycaemia, hypoglycaemia (a state of low levels
of glucose) might also give reason for cognitive deterioration as it conveys necrosis due

to energy starvation (e.g. ATP is needed for neurotransmitter re-uptake and synthesis),
and alkalosis (due to reduced production of lactate via glycolysis)(25). In the absence of
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energy (i.e. ATP) glutamate will induce excitotoxicity as a result of sustained receptor
stimulation(26). This causes ROS (e.g. peroxynitrite) accumulation, DNA damage, and
induction of apoptosis through PARP and AIF pathways(26). Mentionable, neuronal cell
death is prevented with PARP inhibitors(27).

Type 2 Diabetes Mellitus

Taking the above into account, both normal and abnormal glucose levels can be linked

to cognitive functioning. Importantly, cerebral effects of glucose might differ with the

presence of type 2 diabetes mellitus (T2DM). In people without T2DM, the pancreas is able

to maintain glycaemic homeostasis and it thus keeps glucose levels within normal range.
Therefore, glucose could have the proposed positive effects on cognitive functioning

in people without T2DM. In case of T2DM, however, the pancreas is no longer able to
counteract for insulin resistance with sufficient insulin secretion. This causes elevated

glucose levels with possible damaging effects to the brain. Moreover, recent research

has shown that the brain is sensitive to insulin(28). As such, insulin resistance in people

with T2DM might alter the cerebral availability of both insulin and glucose(24). Therefore,
the extent to which glucose influences cognitive functioning can differ with glucose
metabolism status, as glucose and insulin functions are interrelated.

Influential factors

Several cardiovascular risk factors are known to be associated with cognitive functioning,
and are more prevalent in people with T2DM(23, 29, 30). These factors, including

hypertension, dyslipidaemia and central obesity(23, 30-32), are important to take into
account when investigating the relation between markers of glycaemia and brain

function. Obesity increases the risk of glucose intolerance (linking it to diabetes), and

cognitive decline, but it is also correlated with hypertension and dyslipidaemia(29).
Hypertension is associated with glycaemic markers, and cognitive functioning through

pathologic microvascular changes(33). Dyslipidaemia co-exists with other confounders
within obesity and T2DM, and is thought to influence memory function possibly due to

interaction with the NMDA-mediated long term potentiation process(34, 35). Even so,
the presence of depressive symptoms might confound the link between glucose and

cognition as depression is associated with both a decline in cognitive functioning and
hyperglycaemia, possibly due to cortisol abnormalities, and weight gain(36-38).

Glycaemia, cognition, and type 2 diabetes
D. Claessens, S.L.C. Geijselaers, S.J.S. Sep

11

Goal and hypothesis

The goal of this thesis is to investigate the relation between markers of glycaemia (i.e.
HbA1c, fasting glucose, post-load glucose), and cognitive functioning. Former research has
been done concerning this question, but mainly focused on either people with or without

T2DM(32, 39, 40). In addition, these studies did often not adequately adjust for potential
confounders and/or did not consider the possibility of non-linearity.

The following research questions were postulated: [1] What is the relation between

markers of glycaemia and cognitive functioning in the absence and presence of T2DM,

while taking in account the possibility of non-linearity? [2] Is this relation, if present,
independent of vascular risk factors?

We hypothesized that measures of glycaemia are related to cognitive functioning, and that

this relation differs with the presence of T2DM. In people without T2DM, the relationship

between glucose-related variables and cognitive functioning was expected to be positive,
flattening into a plateau for higher glucose levels (in the normal range)(41). In people with

T2DM, we expected that the relationship between glucose-related variables and cognitive
functioning might resemble an inverted U-shape(42). Finally, the relation between

measures of glycaemia and cognitive functioning was expected to be, at least partly,
independent of cardiovascular risk factors (e.g. hypertension and hypercholesterolemia).

Previous literature and pathophysiology

Previous studies on this subject were inconclusive. Some studies found HbA1c to be

significantly correlated to memory in a linear fashion(32, 43), while others were not able
to detect such a relationship(40). A statistically significant relationship between fasting
glucose and memory function has been reported previously, but in a negative linear

fashion(44). Other studies also examined the relationship between markers of glycaemia
and memory in a linear fashion but found no significant relationship(32, 40).

The possibility of a non-linear patterns between markers of glycaemia and cognitive

functioning has been investigated by a few studies(45, 46). These studies primarily
focussed on processing speed and fluid intelligence, but not on the cognitive domains

examined in the present study. Nonetheless, these studies did find significant non-

linear (inverted U-shaped) relationships between fasting glucose levels and processing
speed(45), and fluid intelligence(46).

From a pathophysiological point of view previous findings indicate a link between glucose

levels and cognitive functioning. As highlighted in the introduction section, cognitive

functions are executed in various structures within the human brain. These structures,
reaching from cortex regions to the more centrally positioned hippocampus, all have
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a notable glucose consumption. Glucose is of great importance for these structures as
it is involved in both their energy supply through ATP production, and more functional
aspects through neurotransmitter synthesis, and re-uptake. When retained within the
proposed normal range, glucose can be beneficial in terms of increasing survival and

function of neurons. But when, in case of T2DM, glucose levels are dysregulated, hypoand hyperglycaemia may impose the more deleterious character of glucose. Hence, as

described before, extreme low levels of glucose may cause excitotoxicity and energy

deprivation, whilst extreme high levels cause neuronal damage through radicals and
glycosylation products. The observed relationships between glucose levels and cognitive
functions were prominent for memory function. Because the hippocampus is the most

important structure for memory, and requires high glucose levels for normal functioning,

deleterious effects of glucose in the brain might be most obvious in this structure. Indeed,
previous research has shown an association between hippocampal volume and glucose
levels, where higher levels of glucose were associated with decreased hippocampal
volumes(43).

Future recommendations

In the future, a study on a population with a large sample size, containing both people

with and without type 2 diabetes, can adequately assess the possibility of a relation

between markers of glycaemia and cognitive performance. Also, a longitudinal study is
recommended, as a cross-sectional study does not allow conclusions about causality.

Role of the student

Danny Claessens was an undergraduate student in Biomedical Science who performed

this research project at the Maastricht Study of the Maastricht University Medical Center
under the supervision of S. Geijselaers and S. Sep.

References
1.

2.
3.
4.

Ferri CP, Prince M, Brayne C, Brodaty H, Fratiglioni L, Ganguli M, et al. Global prevalence of dementia: a Delphi

consensus study. Lancet. 2005 Dec 17;366(9503):2112-7. PubMed PMID: 16360788. Pubmed Central PMCID:
2850264.

Ritchie K. Mild cognitive impairment: an epidemiological perspective. Dialogues in clinical neuroscience.

2004 Dec;6(4):401-8. PubMed PMID: 22034212. Pubmed Central PMCID: 3181815.

Colin D. Mathers DL. Updated projections of global mortality and burden of disease, 2002-2030: data

sources, methods and results. Geneva: World Health Organisation, 2005.

Settleworth SJ. Cognition and the study of behavior. Cognition, evolution and behavior: Oxford University

Press; 2009. p. 3-10.

Glycaemia, cognition, and type 2 diabetes
D. Claessens, S.L.C. Geijselaers, S.J.S. Sep

13

5.

Mesulam M-M. Behavioral Neuroanatomy; Large scale networks, Association Cortex, Frontal Syndromes,

The Limbic System, and Hemisphere Specialisations. 2 nd ed: Oxford University Press; 2000.

6.

Petersen RC. Mild cognitive impairment as a diagnostic entity. Journal of internal medicine. 2004

Sep;256(3):183-94. PubMed PMID: 15324362.

7.

Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, et al. The diagnosis of mild cognitive

impairment due to Alzheimer’s disease: recommendations from the National Institute on Aging-

Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimer’s &

dementia : the journal of the Alzheimer’s Association. 2011 May;7(3):270-9. PubMed PMID: 21514249.
Pubmed Central PMCID: 3312027.

Winblad B, Palmer K, Kivipelto M, Jelic V, Fratiglioni L, Wahlund LO, et al. Mild cognitive impairment--

8.

beyond controversies, towards a consensus: report of the International Working Group on Mild Cognitive
Impairment. Journal of internal medicine. 2004 Sep;256(3):240-6. PubMed PMID: 15324367.

Petersen RC, Stevens JC, Ganguli M, Tangalos EG, Cummings JL, DeKosky ST. Practice parameter: Early

9.

detection of dementia: Mild cognitive impairment (an evidence-based review) - Report of the Quality

Standards Subcommittee of the American Academy of Neurology. Neurology. 2001 May 8;56(9):1133-42.
PubMed PMID: WOS:000168492200005. English.

10. O’Brien JT, Erkinjuntti T, Reisberg B, Roman G, Sawada T, Pantoni L, et al. Vascular cognitive impairment.
Lancet neurology. 2003 Feb;2(2):89-98. PubMed PMID: 12849265.

Lopez OL, Jagust WJ, Dulberg C, Becker JT, DeKosky ST, Fitzpatrick A, et al. Risk factors for mild cognitive

11.

impairment in the Cardiovascular Health Study Cognition Study: part 2. Archives of neurology. 2003

12.

13.

Oct;60(10):1394-9. PubMed PMID: 14568809.

Tervo S, Kivipelto M, Hanninen T, Vanhanen M, Hallikainen M, Mannermaa A, et al. Incidence and risk factors

for mild cognitive impairment: a population-based three-year follow-up study of cognitively healthy elderly
subjects. Dementia and geriatric cognitive disorders. 2004;17(3):196-203. PubMed PMID: 14739544.

Kennedy DO, Scholey AB. Glucose administration, heart rate and cognitive performance: effects of

increasing mental effort. Psychopharmacology. 2000 Mar;149(1):63-71. PubMed PMID: 10789884.

14. McNay EC, Fries TM, Gold PE. Decreases in rat extracellular hippocampal glucose concentration associated

with cognitive demand during a spatial task. Proceedings of the National Academy of Sciences of the

United States of America. 2000 Mar 14;97(6):2881-5. PubMed PMID: 10706633. Pubmed Central PMCID:
15.

16024.

Simpson IA, Carruthers A, Vannucci SJ. Supply and demand in cerebral energy metabolism: the role of

nutrient transporters. Journal of cerebral blood flow and metabolism : official journal of the International

Society of Cerebral Blood Flow and Metabolism. 2007 Nov;27(11):1766-91. PubMed PMID: 17579656. Pubmed
Central PMCID: 2094104.

16. Squire L. Brain Energy Metabolism. In: Larry Squire DB, Floyd Bloom, Sacha du Lac, Anirvan Ghosh, Nicolas
17.

Spitzer, editor. Fundamental Neuroscience. 3rd ed. Canada: Academic Press, Elsevier; 2008. p. 271-97.

Korol DL, Gold PE. Glucose, memory, and aging. The American journal of clinical nutrition. 1998

Apr;67(4):764S-71S. PubMed PMID: 9537626.

18. Magistretti PJ, Pellerin L. Cellular bases of brain energy metabolism and their relevance to functional brain
imaging: evidence for a prominent role of astrocytes. Cerebral cortex. 1996 Jan-Feb;6(1):50-61. PubMed
PMID: 8670638.

19. Gold PE. Role of glucose in regulating the brain and cognition. The American journal of clinical nutrition.
1995 Apr;61(4 Suppl):987S-95S. PubMed PMID: 7900698.

20. Donohoe RT, Benton D. Glucose tolerance predicts performance on tests of memory and cognition.
Physiology & behavior. 2000 Nov 1-15;71(3-4):395-401. PubMed PMID: 11150572.

14

MaRBLe
Research
Papers

21.

WHO. Definition and diagnosis of diabetes mellitus and intermediate hyperglycemia. Geneva, Switzerland:

World Health Organisation/ International Diabetes Federation, 2006.

22. Roriz-Filho S, Sa-Roriz TM, Rosset I, Camozzato AL, Santos AC, Chaves ML, et al. (Pre)diabetes, brain aging, and
cognition. Biochimica et biophysica acta. 2009 May;1792(5):432-43. PubMed PMID: 19135149.

23. Kumari M, Brunner E, Fuhrer R. Minireview: mechanisms by which the metabolic syndrome and diabetes

impair memory. The journals of gerontology Series A, Biological sciences and medical sciences. 2000
May;55(5):B228-32. PubMed PMID: 10819309.

24. Biessels GJ, van der Heide LP, Kamal A, Bleys RL, Gispen WH. Ageing and diabetes: implications for brain
function. European journal of pharmacology. 2002 Apr 19;441(1-2):1-14. PubMed PMID: 12007915.

25. Auer RN. Hypoglycemic brain damage. Forensic science international. 2004 Dec 16;146(2-3):105-10. PubMed
PMID: 15542270.

26. Suh SW, Hamby AM, Swanson RA. Hypoglycemia, brain energetics, and hypoglycemic neuronal death. Glia.
2007 Sep;55(12):1280-6. PubMed PMID: 17659530.

27. Suh SW, Aoyama K, Chen Y, Garnier P, Matsumori Y, Gum E, et al. Hypoglycemic neuronal death and cognitive

impairment are prevented by poly(ADP-ribose) polymerase inhibitors administered after hypoglycemia.
The Journal of neuroscience : the official journal of the Society for Neuroscience. 2003 Nov 19;23(33):1068190. PubMed PMID: 14627653.

28. Gerozissis K. Brain insulin, energy and glucose homeostasis; genes, environment and metabolic pathologies.
European journal of pharmacology. 2008 May 6;585(1):38-49. PubMed PMID: 18407262.

29. Jagust W, Harvey D, Mungas D, Haan M. Central obesity and the aging brain. Archives of neurology. 2005
Oct;62(10):1545-8. PubMed PMID: 16216937.

30. WHO. Global status report on noncommunicable diseases 2010. Geneva: WHO, 2011.
31.

Grodstein F. Cardiovascular risk factors and cognitive function. Alzheimer’s & dementia : the journal of the

Alzheimer’s Association. 2007 Apr;3(2 Suppl):S16-22. PubMed PMID: 19595969.

32. Cukierman-Yaffe T, Gerstein HC, Williamson JD, Lazar RM, Lovato L, Miller ME, et al. Relationship between

baseline glycemic control and cognitive function in individuals with type 2 diabetes and other cardiovascular

risk factors: the action to control cardiovascular risk in diabetes-memory in diabetes (ACCORD-MIND) trial.
Diabetes care. 2009 Feb;32(2):221-6. PubMed PMID: 19171735. Pubmed Central PMCID: 2628683.

33. Manolio TA, Olson J, Longstreth WT. Hypertension and cognitive function: pathophysiologic effects of
hypertension on the brain. Current hypertension reports. 2003 Jun;5(3):255-61. PubMed PMID: 12724059.

34. Bruehl H, Wolf OT, Sweat V, Tirsi A, Richardson S, Convit A. Modifiers of cognitive function and brain structure

in middle-aged and elderly individuals with type 2 diabetes mellitus. Brain research. 2009 Jul 14;1280:18694. PubMed PMID: 19463794. Pubmed Central PMCID: 2749480.

35. Farr SA, Yamada KA, Butterfield DA, Abdul HM, Xu L, Miller NE, et al. Obesity and hypertriglyceridemia
produce cognitive impairment. Endocrinology. 2008 May;149(5):2628-36. PubMed PMID: 18276751. Pubmed
Central PMCID: 2329289.

36. Austin MP, Mitchell P, Goodwin GM. Cognitive deficits in depression: possible implications for functional

neuropathology. The British journal of psychiatry : the journal of mental science. 2001 Mar;178:200-6.
PubMed PMID: 11230029.

37. Lustman PJ, Clouse RE. Depression in diabetic patients: the relationship between mood and glycemic
control. Journal of diabetes and its complications. 2005 Mar-Apr;19(2):113-22. PubMed PMID: 15745842.

38. McDermott LM, Ebmeier KP. A meta-analysis of depression severity and cognitive function. Journal of
affective disorders. 2009 Dec;119(1-3):1-8. PubMed PMID: 19428120.

Glycaemia, cognition, and type 2 diabetes
D. Claessens, S.L.C. Geijselaers, S.J.S. Sep

15

39. Launer LJ, Miller ME, Williamson JD, Lazar RM, Gerstein HC, Murray AM, et al. Effects of intensive glucose
lowering on brain structure and function in people with type 2 diabetes (ACCORD MIND): a randomised
open-label substudy. Lancet neurology. 2011 Nov;10(11):969-77. PubMed PMID: 21958949. Pubmed Central
PMCID: 3333485.

40. Worrall GJ, Chaulk PC, Moulton N. Cognitive function and glycosylated hemoglobin in older patients with

type II diabetes. Journal of diabetes and its complications. 1996 Nov-Dec;10(6):320-4. PubMed PMID:
8972383.

41. Messier C. Glucose improvement of memory: a review. European journal of pharmacology. 2004 Apr
19;490(1-3):33-57. PubMed PMID: 15094072.

42. Scholey AB, Harper S, Kennedy DO. Cognitive demand and blood glucose. Physiology & behavior. 2001
Jul;73(4):585-92. PubMed PMID: 11495663.

43. Kerti L, Witte AV, Winkler A, Grittner U, Rujescu D, Floel A. Higher glucose levels associated with lower

memory and reduced hippocampal microstructure. Neurology. 2013 Nov 12;81(20):1746-52. PubMed PMID:
24153444.

44. Pearce KL, Noakes M, Wilson C, Clifton PM. Continuous glucose monitoring and cognitive performance in
type 2 diabetes. Diabetes technology & therapeutics. 2012 Dec;14(12):1126-33. PubMed PMID: 23046398.

45. Shorr RI, de Rekeneire N, Resnick HE, Yaffe K, Somes GW, Kanaya AM, et al. Glycemia and cognitive

function in older adults using glucose-lowering drugs. The journal of nutrition, health & aging. 2006 JulAug;10(4):297-301. PubMed PMID: 16886100.

46. Gallacher JE, Pickering J, Elwood PC, Bayer AJ, Yarnell JW, Ben-Shlomo Y. Glucoregulation has greater
impact on cognitive performance than macro-vascular disease in men with type 2 diabetes: data from the
Caerphilly study. European journal of epidemiology. 2005;20(9):761-8. PubMed PMID: 16170659.

16

MaRBLe
Research
Papers

