Cognitive decline and dementia in
diabetes mellitus: mechanisms and
clinical implications
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Abstract | Cognitive dysfunction is increasingly recognized as an important comorbidity of
diabetes mellitus. Different stages of diabetes-associated cognitive dysfunction exist, each with
different cognitive features, affected age groups and prognoses and probably with different
underlying mechanisms. Relatively subtle, slowly progressive cognitive decrements occur in all
age groups. More severe stages, particularly mild cognitive impairment and dementia, with
progressive deficits, occur primarily in older individuals (>65 years of age). Patients in the latter
group are the most relevant for patient management and are the focus of this Review. Here, we
review the evolving insights from studies on risk factors, brain imaging and neuropathology,
which provide important clues on mechanisms of both the subtle cognitive decrements and the
more severe stages of cognitive dysfunction. In the majority of patients, the cognitive phenotype

Cogpnitive dysfunction
Any change from normal
cognitive functioning. May
range from subtle to severe.

Cognitive decrements

Subtle cognitive dysfunction not
severe enough to meet formal
neuropsychological criteria for
cognitive impairment.
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The global prevalence of diabetes mellitus is increas-
ing in both absolute and relative numbers'. For type 2
diabetes mellitus (T2DM) in particular, this increase in
prevalence is attributed to changing lifestyle factors, such
as diet, overweight and physical inactivity’. Another
key factor that adds to the prevalence of T2DM is the
increased longevity and ageing of populations around
the world. The latter is particularly evident in low-
income and middle-income countries’, and these trends
are expected to continue for the foreseeable future.

The population trends for dementia are very similar
to those observed in diabetes mellitus’. As a conse-
quence, there is an increased co-occurrence of diabetes
mellitus and dementia. We are now aware, however, that
diabetes mellitus and dementia co-occur more frequently
than is expected by chance alone. Epidemiological
studies have established an increased risk of dementia
among individuals with diabetes mellitus’. Diabetes
mellitus is also linked to forms of cognitive dysfunction
that are not as severe as dementia, such as mild cognitive

is probably defined by multiple aetiologies. Although both the risk of clinically diagnosed
Alzheimer disease and that of vascular dementia is increased in association with diabetes, the
cerebral burden of the prototypical pathologies of Alzheimer disease (such as neurofibrillary
tangles and neuritic plaques) is not. A major challenge for researchers is to pinpoint from the
spectrum of diabetes-related disease processes those that affect the brain and contribute to
development of dementia beyond the pathologies of Alzheimer disease. Observations from
experimental models can help to meet that challenge, but this requires further improving the
synergy between experimental and clinical scientists. The development of targeted treatment
and preventive strategies will therefore depend on these translational efforts.

impairment (MCI), but also to even more subtle cogni-
tive changes, which are referred to as diabetes-associated
cognitive decrements®. The increased co-occurrence
of diabetes mellitus with different types of cognitive
dysfunction has important implications for patient
management, particularly in older (over ~65 years of
age) individuals in whom dementia and pre-dementia
stages of cognitive impairment most commonly occur.

In this Review, we address the different manifestations
of diabetes-mellitus-associated cognitive dysfunction. We
put an emphasis on dementia and pre-dementia stages of
cognitive impairment in T2DM, but we also address the
more subtle diabetes-associated cognitive decrements.
Throughout the manuscript, we use the term ‘diabetes’
when referring to diabetes mellitus in general and “T1IDM’
or ‘T2DM’ when referring to these specific subtypes. We
show that studies on risk factors and on neuroimaging and
neuropathology correlates of cognitive dysfunction pro-
vide important clues on the underlying pathophysiological
mechanisms; however, many questions remain.
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Key points

* Cognitive dysfunction in diabetes mellitus can manifest itself as diabetes-associated
cognitive decrements, mild cognitive impairment (MCl) and dementia.

* Owing to the marked differences in affected age groups and trajectories of cognitive
decline, diabetes-mellitus-associated cognitive decrements and dementia should be
regarded as different entities that probably have different underlying mechanisms.

* Mechanisms of MCl and dementia in diabetes have mainly been studied in patients
with type 2 diabetes mellitus (T2DM) and involve mixed vascular and
neurodegenerative pathologies, often on a background of Alzheimer disease
pathology; however, T2DM does not increase the burden of the latter.

* Key causative pathways in diabetes-associated cognitive dysfunction need to be
identified in order to develop course-modifying therapies.

* Experimental models can single out individual causative pathways in ways and at a
level of detail that are impossible in humans.

* Any potential mechanisms of brain dysfunction that are identified in experimental
models of diabetes mellitus must also be evaluated in the complex setting of other
morbidities with which they may co-occur in patients.

Cognitive impairment
Cognitive dysfunction severe
enough to be classified as
‘abnormal’ or ‘impaired’ on the
basis of neuropsychological
test results (mostly 1.5-2s.d.
below normative mean). Entails
both mild cognitive impairment
and dementia.

Cogpnitive domains

Distinct types of cognitive
function supporting different
aspects of behaviour. Domains
include intelligence, attention,
language, memory, executive
functions (including cognitive
flexibility), visual—spatial skills
and psychomotor efficiency
and may be differentially
affected by disease.

Cohen’s d effect sizes
Cohen’'s d is defined as the
difference between two group
means divided by the pooled
standard deviation.

Amnesic MCI

Mild cognitive impairment
(MCI) with the domain memory
being affected. Regarded as
the prototypical form of MCI
preceding Alzheimer dementia.

Nonamnesic MCI
MCI with the domain memory
being intact.

We also discuss the role of experimental models in
improving our understanding of the pathophysiological
mechanisms underlying diabetes-associated cognitive
dysfunction and how these models could help us to
further unravel the aetiology and identify treatment
targets. A key strength of experimental models is that
they can be used to single out individual causative path-
ways in ways and at a level of detail that is impossible
in humans. Technical progress with regards to experi-
mental techniques has enabled the development of tools
that can boost studies of these pathways, from the level
of specific molecular interactions to systems biology.
However, we must ensure that we evaluate any poten-
tial mechanisms we identify in experimental models in
the context of other morbidities with which they can
co-occur in patients. In this Review, we make the point
that by further improving the synergy between clinical
and experimental scientists, we can foster innovation in
designing animal models that accurately replicate the
complexities of the interaction between diabetes and
dementia in humans.

While awaiting these further research developments,
cognitive dysfunction in diabetes already affects daily
clinical care. In the final section of this Review, we
address the clinical implications of the latest data on
diabetic brain injury and future perspectives.

Cognitive dysfunction and diabetes

Substantial epidemiological evidence supports an asso-
ciation between diabetes and cognitive dysfunction®”.
Of note, however, we must not regard cognitive dys-
function in relation to diabetes as a unitary construct.
Manifestations and prognosis of diabetes-associated
cognitive dysfunction vary depending on the type of
diabetes a patient has and the age of the patient®.

For example, children with T1DM can display subtle
changes in cognitive development, particularly if the
onset of diabetes occurs before 7 years of age’. Adults
with TIDM also present subtle decrements in cog-
nitive performance relative to age-matched controls,
particularly affecting the cognitive domains of intelli-
gence, psychomotor efficiency and cognitive flexibility
(Cohen’s d effect sizes of 0.7, 0.6 and 0.5, respectively)™.

These decrements generally remain stable over time,
with little change relative to people without diabetes'’,
although there can be subgroups of patients, particularly
those with advanced microvascular complications, in
whom the severity of cognitive dysfunction can worsen
substantially over time*'”.

In adults with T2DM, we can divide deficits in cogni-
tive functioning into three approximate stages according
to severity: diabetes-associated cognitive decrements,
MCI and dementia®. The term ‘diabetes-associated
cognitive decrements’ refers to subtle changes in cogni-
tive function that might give rise to cognitive complaints
(usually expressed only by the patient) but should not
affect activities of daily life or diabetes self-management”.
The subtle cognitive changes might concern one or
several domains, including processing speed, executive
function and memory, with a typical Cohen’s d effect
size of 0.2-0.5 relative to people without diabetes at the
group level . These decrements probably develop dur-
ing the prediabetic stages'” and evolve very slowly over
the course of many years at a rate that is up to 50% faster
than that of normal cognitive ageing'*'*~'%.

MCI and dementia

Diagnostic constructs for MCI'**” and dementia’' and
their aetiologies in people with diabetes are the same as in
people without diabetes (BOX 1). Of note, these diagnostic
constructs do not refer to a particular aetiology. In clin-
ical practice, as well as in most epidemiological studies,
assumptions on the probable aetiology are primarily
based on the nature of the symptoms (for example,
acquired deficit in episodic memory is suggestive of
Alzheimer disease) while excluding other causes (such
as a brain tumour). However, this diagnostic approach is
clearly not specific or sensitive enough to determine the
actual aetiology™. Therefore, particularly in the research
setting, clinicians use biomarkers reflecting the actual
pathologies associated with Alzheimer disease, such as
the concentration of amyloid-p and tau in the cerebro-
spinal fluid or the presence of amyloid on PET scans of
the brain, to define the aetiology of MCI and dementia®.

Two prospective population-based studies have
reported similar findings on the risk of MCI in patients
with diabetes. In one of the studies, the researchers
observed an HR of 1.5 (95% CI 1.0-2.2) for amnesic MC|
and an HR of 1.2 (95% CI 0.9-1.8) for nonamnesic MCI*.
In the other study, the investigators reported an HR of
1.6 (95% CI 1.2-2.2) for amnesic MCI and an HR of 1.4
(95% CI 0.8-2.2) for nonamnesic MCI*. In addition,
the prognosis of MCI is worse in patients with diabetes
than in patients without diabetes. Two meta-analyses,
each containing seven — not completely overlapping —
studies, reported a relative risk (RR) of conversion to
dementia of 1.7 (95% CI 1.1-2.4)*° and an RR of 1.7
(95% CI 1.1-2.6)% for patients with MCI and diabetes
compared with patients with MCI without diabetes.

A number of studies have investigated the risk of
dementia in relation to diabetes. Systematic reviews
and meta-analyses*®”*, including >25 original studies
with >2 million participants, estimate the RR for all
types of dementia at 1.73 (95% CI 1.65-1.82)°, the RR
for Alzheimer disease at 1.53 (95% CI 1.42-1.63)” and
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Box 1| Diagnostic constructs for MCl and dementia

Mild cognitive impairment (MCI) refers to acquired
objective cognitive impairment (mostly defined as a
performance below ~1.5s.d. of normative values)
affecting one or more cognitive domains with largely
preserved activities of daily life'**’. This construct
captures a stage between normal cognition and
dementia that identifies individuals who are at high risk
of transition to dementia. Dementia is defined as
acquired objective cognitive impairment affecting
multiple cognitive domains that is severe enough to
affect activities of daily life?’.

the RR for vascular dementia at 2.27 (95% CI 1.94-2.66)°
for people with diabetes compared with people without
diabetes. Interestingly, in 2015, a large cohort study from
Canada indicated that the risk of dementia is already
increased in patients with newly diagnosed diabetes
(HR 1.16 (95% CI 1.15-1.18))%*. Moreover, elevated
plasma concentrations of glucose in individuals with-
out diabetes have also been linked to an increased risk
of dementia™.

When stratified by ethnicity, the RR of Alzheimer dis-
ease in Western populations and Eastern populations was
1.36 (95% CI 1.18-1.53) and 1.62 (95% CI 1.49-1.75),
respectively’. When stratified by sex, the RR of all types
of dementia in women with diabetes was 1.62 (95% CI
1.45-1.80) and the RR of all types of dementia in men
was 1.58 (95% CI 1.38-1.81)%. For vascular dementia,
the RR was 2.34 (95% CI 1.86-2.94) in women and 1.73
(95% CI 1.61-1.85) in men, which translates into a 19%
greater risk of the development of vascular dementia
in women with diabetes than in men with diabetes®.
Of note, to date, only a few studies have addressed the
potential modifying effects of sex and ethnicity on
the risk of dementia in patients with diabetes***!;
therefore, these topics need further exploration.

Stages of cognitive dysfunction

On the basis of current evidence, we argue that the dif-
ferent stages of cognitive dysfunction in patients with
diabetes should not be regarded as a continuum'.
Diabetes-associated decrements (the mildest stage of cog-
nitive dysfunction in patients with diabetes) can occur in
all age groups — from young adults and adolescents with
T2DM?>* to the oldest old (that is,>85 years of age)*'.
These subtle cognitive changes generally occur slowly over
the course of many years'”. Owing to the subtle nature
of the cognitive changes involved in diabetes-associated
decrements, these cognitive changes do not qualify
as abnormal on formal neuropsychological testing.
Consequently, at an individual level, it can be difficult
for clinicians to establish whether a patient’s cognition is
actually affected.

These aspects are all very different for dementia.
Dementia is a diagnosis that applies to individual
patients, in whom cognitive function clearly deviates
from what is considered normal, in terms of both impact
on daily life and objective deficits on neuropsycholog-
ical testing. Regarding affected age groups, in contrast
to diabetes-associated cognitive decrements, dementia

is primarily a condition of old age’. Although diabetes
might also increase the risk of young-onset demen-
tia (that is, before 65 years of age)*>*, the majority of
individuals with diabetes who develop dementia are well
over 65 years of age, just like people without diabetes’.
Regarding cognitive trajectories, dementia typically
is characterized by relentless, year-by-year cognitive
decline.

Hence, considering these different features, diabetes-
associated cognitive decrements and dementia should be
regarded as different entities that probably have different
underlying mechanisms.

Mechanisms of cognitive dysfunction

In light of the increasing global prevalence of diabetes,
changes in population trends in ageing and the effect of
cognitive dysfunction on affected individuals and society
as a whole, we need a preventive treatment for cognitive
dysfunction in diabetes, particularly for the more severe
stages. However, our understanding of potential thera-
peutic targets and the mechanisms underlying cognitive
dysfunction in diabetes is incomplete. Nevertheless, the
scientific literature does provide important clues.

A key trend in the literature is that studies from the
past 5 to 10 years not only provide data on risk factors
and brain imaging correlates for diabetes-associated cog-
nitive decrements but also increasingly do the same for
dementia in relation to diabetes. Although dementia is
clearly the most impactful cognitive outcome, it is also
much more challenging to address with epidemiological
studies, as to conduct such studies researchers require
large cohorts to acquire a sufficient number of cases of
patients with T2DM and incident dementia. Fortunately,
such studies are becoming available’. Moreover, large
collaborative autopsy studies’” and novel in vivo bio-
markers of dementia aetiology, such as amyloid and
tau’>”, have also stimulated progress in this field.
In this section, we summarize this literature, focusing
on T2DM.

Risk factors for cognitive dysfunction

Numerous risk factors for cognitive dysfunction in diabe-
tes have been reported in the literature, but each appears
to have small effects'>**. Of these risk factors, glycaemic
control has received much attention among researchers
in the field. Converging evidence shows that increased
HDA . levels are linked with diabetes-associated cogni-
tive decrements, but the strength of the relationship is
weak™. Increased HbA . levels — or repeated glucose
measurements over the course of years — in the non-
diabetic range have also been linked to elevated dementia
risk in people without diabetes®. However, whether a
similar link also exists among people with diabetes is
less clear. Only a few studies have investigated the link
between HbA . levels and dementia risk in people with
diabetes®, and the results of these studies have demon-
strated indications of nonlinearity, whereby both low
and high HbA . levels are related to increased dementia
risk”. Emerging literature also indicates that apart from
chronically elevated glucose levels, fluctuations or peaks
in glucose levels might be linked to cognitive decrements
as well as an increased risk of dementia®*.
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Lacunes

Round or ovoid, subcortical,
fluid-filled cavities (signal on
MRI similar to cerebrospinal
fluid) between 3mm and
~15mm in diameter that are
consistent with a previous
acute small subcortical infarct
or haemorrhage in the territory
of one perforating arteriole.

White matter
hyperintensities

Signal abnormality of variable
size in the white matter that is
hyperintense on T2-weighted
MRl images such as fluid-
attenuated inversion recovery,
without cavitation (signal
different from cerebrospinal
fluid), often due to vascular
injury but may have other
causes.

Perivascular spaces
Fluid-filled spaces that follow
the typical course of a vessel as
it goes through grey or white
matter. The spaces have a
signal intensity similar to that
of cerebrospinal fluid on all
MRI sequences®.

Cerebral microbleeds

Small (generally 2-5mm in
diameter, but sometimes up to
10 mm) areas of signal void
with associated blooming seen
on T2 *-weighted MRI or other
sequences that are sensitive to
susceptibility effects, mostly
representing a haemosiderin
remnant after a small previous
haemorrhage.

Microinfarcts

Small lesions of presumed
ischaemic origin, detectable
with microscopic examination
of brain autopsy material but
also detectable in vivo with
dedicated MRI protocols.

Observational studies have reported that glucose-
lowering compounds might have beneficial effects on
cognition and that some compounds might have greater
beneficial effects on cognition than others*'. These
findings suggest that the benefit of some therapeutics
for improving cognition in patients with diabetes go
beyond glucose-lowering effects alone, and therefore
other compounds (possibly those with direct effects on
the brain) might also need to be considered. For exam-
ple, a large registry study in veterans with T2DM who
were <75 years of age*” found that metformin use was
associated with a lower risk of subsequent dementia than
sulfonylurea use while adjusting for glycaemia and other
known confounders. However, randomized controlled
intervention studies thus far do not support that inten-
sive glycaemic control, or any glucose-lowering agent
for that matter, is associated with better cognitive func-
tioning®* or dementia®’. On the other hand, occurrence
of repeated hypoglycaemic episodes is clearly linked to
cognitive decline and increased dementia risk*»*»**.

Vascular risk factors, in particular hypertension and
dyslipidaemia, might be associated with cognitive dec-
rements in people with T2DM, although the evidence is
inconsistent despite a substantial number of studies™.
Few studies have addressed how vascular risk factors
affect dementia risk among patients with T2DM*"*.
However, because many studies in the general popula-
tion have demonstrated the importance of vascular risk
factors (especially during midlife) for dementia risk**¢,
and because prediabetes and T2DM are associated with
an adverse vascular risk factor profile’, it is reasonable
to assume that these factors contribute to dementia risk
among patients with T2DM and are a possible target
for preventive therapies. Evidence also shows that
patients with manifestations of microvascular (such as
diabetic retinopathy) or macrovascular disease (such
as myocardial infarction or stroke) have worse cognitive
performance'>** and are at increased risk of dementia***'
compared with people who do not have these manifes-
tations. Other studies have identified insulin resistance,
inflammation and depression as potential risk factors for
cognitive dysfunction in people with diabetes*.

In sum, it is clear that multiple risk factors are
involved in diabetes-associated cognitive decrements
as well as in dementia in relation to diabetes®. On the
basis of our assessment of the literature, it is also clear
that there are still substantial knowledge gaps on how the
risk factors interconnect, how the risk factors translate
to potentially modifiable mechanisms and which genetic
factors are involved.

Patterns of brain injury

The number of brain imaging studies in patients with
diabetes has steadily increased over the past 20 years'*,
although of the currently available studies, very few focused
on patients who were affected by MCI or dementia.

As a framework for the interpretation of the findings,
it is important to distinguish between imaging markers
that primarily reflect brain injury, markers that reflect spe-
cific aetiological processes and markers that reflect
both. Markers of injury include, for example, measures
of atrophy and microstructural white matter integrity.

Although patterns of injury might be suggestive of a
particular aetiology, they are by no means aetiologically
specific (for example, medial temporal lobe atrophy can-
not be taken as proof for Alzheimer disease as a primary
aetiology). Imaging markers of aetiological processes
include amyloid PET scans of the brain, which are used
to detect the processes underlying Alzheimer disease.
Another example are measures of cerebral blood flow
on MRI, PET or single-photon emission CT (SPECT),
as disturbed cerebral blood flow can contribute to cere-
bral injury. However, the interpretation of cerebral blood
flow as an aetiological imaging marker has its limita-
tions, as perfusion can also change as a consequence of
brain injury.

The literature clearly shows that T2DM is associated
with brain atrophy (FIC. 1), but the regional pattern of
brain volume changes varies between studies**s. The
magnitude of the volume reduction is modest, with
effect sizes of 0.2—-0.6 s.d., which is similar to the decrease
seen with 3-5 years of normal ageing"’. Another emerg-
ing marker of brain injury in T2DM is diffusion tensor
imaging (DTI). This technique allows researchers to
explore microstructural integrity of the white matter
and related changes in brain networks. DTI studies show
widespread changes in white matter microstructure and
connectivity in relation to T2DM, which are clearly
related to cognitive dysfunction**.

Given the links between diabetes and vascular
disease, manifestations of so-called cerebral small vessel
disease on MRI are clearly of interest to researchers
in the field. These manifestations include lacunes,
white matter hyperintensities, visible perivascular spaces,
cerebral microbleeds and microinfarcts®. Although widely
accepted as markers of vascular injury, these MRI-
visible lesions have limited specificity for underlying
aetiological processes”. For example, white matter
hyperintensities can develop as a consequence of differ-
ent underlying vascular pathologies and processes, such
as lipohyalinosis, arteriosclerosis, cerebral amyloid angio-
pathy and hypoperfusion, but also as a consequence of
non-vascular processes such as inflammation*. The cur-
rent literature suggests that T2DM is associated with an
increased occurrence of lacunes and a modest increase
in the volume of white matter hyperintensities* (FIG. 1).
There might be an increased occurrence of cerebral
microbleeds in patients with T2DM, but evidence is not
consistent'”""*?. Very few imaging studies have investi-
gated the relationship between T2DM and perivascular
spaces™* and microinfarcts™ thus far.

Aetiological markers and neuropathology

As also indicated in the preceding section, diabetes
is associated with vascular brain injury, which can be
observed by MRI. Indeed, neuropathological studies also
report an increased burden of cerebrovascular lesions,
especially lacunes, in people with diabetes**. By con-
trast, these same studies did not observe a clear increase
in the burden of large artery infarcts or microinfarcts in
patients with diabetes’”**. The increased occurrence
of lacunes might be attributable to abnormalities in
the small cerebral perforating arterioles, such as arte-
riolosclerosis, lipohyalinosis or fibrinoid necrosis™.

www.nature.com/nrendo

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Affected

White matter microstructure

White matter

Perivascular

Microinfarct
) A

>

Not affected

hyperintensity ——

Low

High

Number of studies

Fig. 1| Brain imaging findings in patients with type 2 diabetes mellitus. The figure summarizes findings on structural
brain changes from MRI studies in type 2 diabetes mellitus (T2DM). Different imaging markers that have been studied in
relation to T2DM are depicted, including microinfarcts and microbleeds, perivascular spaces, white matter
hyperintensities, white matter microstructure (as assessed with diffusion MRI), lacunes and atrophy****'=>. The position
of each imaging marker on the x-axis reflects how intensively it has been studied in relation to T2DM. The position on

the y-axis reflects the extent to which a marker is affected in individuals with T2DM relative to controls on the basis of the

evidence from available studies. Image of white matter microstructure courtesy of Y. Reijmer, UMC Utrecht.

Indeed, there are studies in human brain autopsy mate-
rial that show cerebral arteriolar abnormalities in patients
with diabetes™*, but it should be noted that to date the
effect of diabetes on different types of cerebral blood
vessels has not been assessed systematically. In addition,
uncertainties still exist with regard to cerebrovascular
dysfunction in T2DM. Some reports show reduced cer-
ebral perfusion and impaired cerebrovascular reactivity,
but results of different studies have been conflicting®,
which is probably owing to differences in study popula-
tions, imaging techniques and variation in dealing with
confounding factors, such as cerebral atrophy®.
Evidently, Alzheimer disease is another key aetiology
to consider. Converging evidence from brain autopsy
studies from the past decade shows that the core neu-
ropathological features of Alzheimer disease (such as,
so-called ‘plaques’ (extracellular deposits of amyloid-(3)
and ‘tangles’ (intraneuronal aggregates of hyperphospho-
rylated tau)) are not more common in patients with T2DM
than in those without T2DM®". Several studies of large
autopsy cohorts report that the occurrence of neuritic
amyloid plaques (OR 0.96 (95% CI 0.68-1.36)""; OR 1.08
(95% CI 0.84-1.38)*; and OR 0.97 (95% CI 0.68-1.38))

and tau tangles (OR 0.82 (95% CI 0.61-1.11)"’; OR 0.85
(95% CI 0.66-1.11)*; and OR 1.12 (95% CI 0.81-1.54))
is not increased in T2DM. Studies on in vivo biomarkers
of Alzheimer disease pathology are completely in line with
these observations; T2DM is not associated with cerebro-
spinal fluid or PET biomarkers of increased deposition of
cerebral amyloid-f or tau pathology*-**. However, despite
these findings, T2DM is associated with an increase in
MRI and PET biomarkers of neurodegeneration®,
suggesting that T2DM accelerates neurodegeneration via
non-Alzheimer-disease mechanisms.

Another emerging concept in mechanistic studies is
the potential role of cerebral insulin resistance®®”. Insulin
signalling in the brain has important roles in brain phys-
iology and cognition®®*". For example, insulin is involved
in central control of the body’s energy homeostasis, but
it also directly appears to influence learning and mem-
ory®*’. Moreover, disturbances in insulin signalling have
been noted in the brain tissue of people with Alzheimer
disease, irrespective of T2DM®". These data give rise to the
possibility that a core feature of T2DM, disturbed insu-
lin signalling causing insulin resistance, not only affects
systemic metabolism but also directly affects the brain
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by disturbing cerebral insulin pathways. Other aetiolog-
ical leads from studies in humans that warrant further
investigation are accumulation of advanced glycation end
products (AGEs)* (for which skin autofluorescence is a
non-invasive proxy) and increased blood-brain barrier
permeability®, pointing to possible roles of inflammation
and endothelial dysfunction.

Diverging observations or converging pathways?
The preceding sections on studies in humans clearly do
not point to a single mechanism underlying diabetes-
associated cognitive dysfunction. The different stages
of cognitive dysfunction in T2DM differ in severity
and prognosis and probably have different underlying
aetiologies. Moreover, although diabetes is associated
with several different manifestations of cerebral injury
that can be observed using cerebral imaging techniques
(MR, for example), one patient might show one mani-
festation and the next patient another. Furthermore, how
should we explain that diabetes increases the risk of a
clinical diagnosis of Alzheimer disease when biomarker
and neuropathological studies clearly indicate that the
burden of Alzheimer disease pathologies is not increased
in patients with diabetes? One probable explanation is
that in the majority of individuals with diabetes, the clin-
ical phenotype of cognitive dysfunction or dementia is
due to multiple pathologies (FIG. 2).

Although Alzheimer disease pathologies are not
increased in patients with T2DM, they are still consid-
ered to be the most common cause of dementia, and that
is also true for people with T2DM: >40% of individuals
with T2DM have intermediate to severe (that is, on a
scale from no, low, intermediate or severe Alzheimer
changes) Alzheimer disease pathology in their brain at
the time of death’®”. The elevated risk of dementia in
patients with T2DM should apparently be attributed to
pathologies other than those associated with Alzheimer
disease. Therefore, aetiological studies need to identify
diabetes-related disease processes that are specific mech-
anisms affecting the brain beyond Alzheimer disease
pathology, which is a major challenge. This processes
clearly include vascular disease but also non-Alzheimer-
disease mechanisms of neurodegeneration. In the next
section, we summarize how animal models might
contribute in meeting that challenge.

Experimental models

The diverse spectrum of findings identified in patients
with diabetes with or without dementia is explored
mechanistically using experimental models, such as
cell lines, organoids and animal models that range from
rodents to nonhuman primates. Investigators com-
monly use rodent models in both diabetes and dementia
research owing to their genetic similarities to humans
(similar genome size, similar number of genes (99% sim-
ilarity) and similar synteny). Neither diabetes pathology
nor Alzheimer-disease-like pathology develops sponta-
neously in rodents unless specific gene manipulations
or pharmacological interventions are used. Depending
on the intervention, conditions associated with diabetes,
dementia or both can be induced in rodents (TABLE 1).
For the most part, insights from these interventions have

been restricted to cerebral effects of inducing diabetes
in normal rodents’’*' (TABLE 1; Non-Alzheimer-disease
mouse and rat models) and in rodents genetically mod-
ified to accumulate amyloid- in the brain®-* (TABLE 1;
Mouse and rat models of Alzheimer disease).

Here, we review these rodent models with the objec-
tive of identifying pathophysiological processes that might
contribute to an Alzheimer disease phenotype without
entailing Alzheimer disease pathology (for example,
increased deposition of amyloid-f in the brain or hyper-
phosphorylation of intraneuronal tau). We also suggest
characteristics that need to be captured in novel animal
models in order to optimize our chances of uncovering
mechanisms that underlie the dementia risk in diabetes.

Crosstalk in diabetes and Alzheimer disease

In mice without pre-existing Alzheimer disease pathol-
ogy (TABLE 1; Non-Alzheimer-disease mouse and rat
models), induction of diabetes, genetically, pharmaco-
logically (such as streptozotocin injection) or by diet, is
associated with increased generation of amyloid-p7>-"
and hyperphosphorylation of tau protein’~". Similarly,
diabetic Alzheimer disease mice showed accelerated cer-
ebral amyloid-p formation*"** and cerebrovascular pathol-
ogies®>*, including aneurisms and small strokes (TABLE 1;
Mouse and rat models of Alzheimer disease). In contrast
to humans, however, the brains of diabetic Alzheimer
disease mice had no brain atrophy®. An increased vas-
cularization has been observed in the brains of diabetic
Alzheimer disease mice, which are generated by crossing
Alzheimer disease mice with db/db mice®. The increase in
cerebral vascularization in these mice probably compen-
sated for the leptin-deficiency-mediated vascular disrup-
tion. Thus, inducing diabetic states reduces the threshold
for neurodegeneration in Alzheimer disease in mice via
mechanisms that involve cerebrovascular pathologies® .

Cerebral insulin resistance

As mentioned earlier in this Review, data from exper-
imental models of Alzheimer disease and diabetes
demonstrate commonalities with regards to abnormal-
ities in signalling pathways between cerebral insulin
resistance and systemic insulin resistance. These data
provide evidence for potential pathways that can link
metabolic changes with changes to the brain in T2DM®.
Moreover, experimental models show that brain insulin
resistance might contribute to Alzheimer disease by pro-
moting amyloid-{ generation and hyperphosphorylation
of tau”' 7% Increased levels of soluble amyloid-f in
the brains of rats and mice correlate with altered insulin
signal transduction and autophagy as well as an increase
in the activities of two enzymes that are involved in the
production of amyloid-p — B-secretase 1 (also known
as B-site amyloid precursor protein cleaving enzyme 1
(BACEL1)) and y-secretase’””®. The results of these studies
suggest that insulin resistance, and subsequent hyperin-
sulinaemia, is involved in the increased production of
amyloid-p in the brain. Furthermore, data from mice
show that treatment with streptozotocin, which causes
insulin deficiency that is characteristic of an advanced
diabetic state, seems to be linked to abnormal levels of
hyperphosphorylated tau protein in the brain””>*".
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Fig. 2 | Risk factors and underlying pathologies for dementia in type 2 diabetes mellitus. The figure provides a life
course perspective on risk factors and disease processes contributing to the development of type 2 diabetes mellitus
(T2DM) and dementia. a| T2DM commonly develops in midlife or late life, in the context of environmental, behavioural
and lifestyle factors that vary over the course of life, on a background of genetic risk’. People with T2DM frequently have
an adverse vascular risk factor profile, including obesity, hypertension and dyslipidaemia, and are often already in
prediabetic stages. Many of the factors that predispose an individual to T2DM and co-occur with T2DM, as well as
factors that are related to having T2DM (such as elevated glucose and glucose-lowering treatment), can affect the
brain'****’. Evidently, with so many factors involved there are marked interindividual differences in risk factor profiles
and exposures. b | Brain pathologies contributing to the development of dementia accumulate over the course of
decades in the context of an individual’s risk profile. In the majority of cases, multiple pathologies co-occur, with
variable proportions between individuals. Vascular pathologies are more common in individuals with T2DM than in
those without diabetes®’*"*5%; therefore, they might contribute to the elevated dementia risk in T2DM. Of note,
although Alzheimer disease pathologies are a key contributor to dementia in people with T2DM, the burden of these
pathologies is not increased compared with that in people with T2DM®?, The excess dementia risk in people with
T2DM is therefore potentially also attributable to additional non-Alzheimer-disease neurodegenerative pathologies

that are yet to be identified.

Other studies on brain insulin resistance have shown
that stimulating hippocampal insulin receptors by
direct administration of insulin into the hippocampus
improved learning ability in normal mice®*; however,
a similar treatment had less effect in diabetic mice®. In
addition, levels of amyloid-p and tau hyperphosphoryl-
ation in the brain were reduced in a mouse model of
Alzheimer disease by treatments that improved insu-
lin availability and/or sensitivity (experimental work
reviewed in REF). In sum, brain insulin resistance has

a complex role in promoting Alzheimer disease pathol-
ogy and is a promising therapeutic target to slow the
progression of cognitive decline in humans.

Non-Alzheimer-disease processes

The induction of diabetic states in non-Alzheimer-disease
rodent models can cause memory and learning impair-
ments™’*?-5% _In this section, we discuss possible non-
Alzheimer-disease processes contributing to cognitive
dysfunction in rodent models of diabetes (see BOX 2).
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Table 1 | Rodent models of diabetes and Alzheimer disease

Intervention

Pathophysiology

Functional deficits

Non-Alzheimer-disease mouse’!74767881.8587 qnd rat>%7577.799%97 models

Streptozotocin

Hypothalamic leptin

eIncreased tau generation and
phosphorylation
eAltered hippocampal synaptic plasticity

Increased generation of amyloid-f3

deficiency or action

Diet

Amylin dyshomeostasis

Mild alterations to the central nervous
system

*Vascular amylin deposits
*Microhaemorrhages

*Brain atrophy

*Microglia activation

*Cerebral amylin plaques

eImpaired synthesis of neurotransmitters

Mouse®%> and rat’®!** models of Alzheimer disease

Streptozotocin

Hypothalamic leptin
deficiency or action

Diet

eExacerbated cerebral amyloidosis
*Neuroinflammation
*Neurovascular injury

*Cerebral plaques of amyloid-f
*Aneurisms
*Small strokes (no brain parenchymal loss)

Aggravated amyloid-f pathology
compared with chow-diet-fed Alzheimer

Impaired memory and learning

Impaired memory and learning
None

elmpaired memory and learning

*Abnormalities with gait

eDifficulties with motor function and
balance

Exacerbated impairment of memory
and learning compared with non-
diabetic Alzheimer disease rodents

Accelerated memory and learning
compared with non-diabetic
Alzheimer disease rodents

Aggravated impairment of memory
and learning compared with chow-

Refs

71-74

75-78

59,87,95,97

79,85

81-85

Neurovascular uncoupling
Neurovascular coupling is the
mechanism that links local
changes in neural activity and
cerebral blood flow involving
the so-called neurovascular
unit. Neurovascular uncoupling
is a disturbance of this
mechanism.

disease rodents

Amylin dyshomeostasis
plaque formation

Mixed amyloid-B and amylin cerebral

diet-fed Alzheimer disease rodents

Exacerbated impairment of memory i

and learning compared with
Alzheimer disease rodents expressing
rodent amylin

Cerebral effects of inducing diabetes or insulin resistance in normal rodents (that is, non-Alzheimer-disease rodent models) and in
rodents genetically modified to accumulate amyloid-p in the brain (that is, rodent models of Alzheimer disease). Common
interventions to induce diabetic conditions in rodents included recessive mutations in the leptin gene (Lep; also known as Ob),
defects in the leptin receptor (LEPR; also known as OB-R), diet and administration of streptozotocin. Rodents with pancreatic
overexpression of human amylin spontaneously develop both type 2 diabetes mellitus and dementia-like pathology.

Vascular endothelial dysfunction. In diabetes,
endothelial dysfunction is linked to the accumulation
of toxic lipids®, AGEs’' and/or aggregated proteins™
in the vasculature. Proteinaceous deposition on blood
vessel walls damages endothelial cells*”’, increases
the production of reactive oxygen species (ROS)***
and impairs production of vasodilatory substances”,
which results in a reduced cerebral blood flow. Stalled
blood flow can lead to neurovascular uncoupling and
hypoxic neuronal injury®-**. Elevated ROS production
can further damage cellular structures and activate
matrix metalloproteinases, inducing cytoskeletal reor-
ganization and vascular remodelling”. Cytoskeletal
reorganization affects the stability of tight junction
proteins, resulting in increased capillary permeabil-
ity, depletion of energy resources and altered neural
viability”>”.

Inflammation and blood-brain barrier injury.
Vascular endothelial dysfunction upregulates inflam-
matory mediators, which can disrupt the blood-brain
barrier**>*. Blood-brain barrier disruption exposes
the brain parenchyma to potentially neurotoxic blood
proteins, thrombin, fibrin, plasmin and haemoglo-
bin and the iron from lysed red blood cells. A leaky
blood-brain barrier induces abnormal neuronal
activity”.

White matter disease of vascular origin. White matter dis-
ease, which is also known as small vessel disease, has been
clinically associated with vascular contributions to cogni-
tive impairment and dementia®®*. This pathology might
be the result of long-term endothelial dysfunction, cap-
illary loss and subsequent ischaemia’**. Indeed, a study
from 2017 (REF™) in a rat model of T2DM demonstrated
the association of white matter rarefaction and axon demy-
elination with chronic vascular endothelial dysfunction,
microhaemorrhages and reduced brain perfusion.

Demyelination and axonal loss. Compared with normal
rats, brains of diabetic rats are smaller in volume and
have myelin loss and abundant white matter vacuoles™.
Demyelination and loss of axons can alter synthesis and/
or release of neurotransmitters in the brain, which can
further accentuate white matter disease and brain atrophy.
Brain phenylalanine and tyrosine (which are precursors
of catecholamine) were reduced by>50% in diabetic rats
compared with normal rats”™. Thus, experimental diabetes
can cause impairments of protein synthesis in the brain.

Peroxidative membrane injury, mitochondrial dysfunc-
tion and neurodegeneration. Exposure of unsaturated
fatty acids to cytosolic ROS generates reactive aldehydes,
such as 4-hydroxynonenal and malondialdehyde®.
Elevated reactive aldehyde levels cause peroxidative
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Box 2 | Mechanisms contributing to an Alzheimer disease phenotype in diabetes

Here, we provide a breakdown of the non-Alzheimer-disease processes that contribute
to an Alzheimer disease phenotype in diabetes, as suggested from experimental studies
in rodents.

Non-Alzheimer disease processes contributing to an Alzheimer disease
phenotype in diabetes

* Proteotoxicity

¢ Increase in reactive oxygen species

* Peroxidative membrane damage

¢ Release of cytokines and/or chemokines

* Altered ion fluxes across cellular membranes

* Post-translational modifications of calcium cycling proteins

e Altered protein synthesis

Affected cell types and structures
e Vascular endothelium

e Astrocytes

* Microglia

* Axon myelin sheath

* Neurons

Consequences of Alzheimer disease phenotypes

* Increased blood-brain barrier permeability

* Microhaemorrhages

* Loss of tight junction proteins

e Astrocyte activation and swollen end feet

¢ Disrupted cerebrovascular basement membrane

* Transporter dysfunction

* Impaired synthesis and/or release of neurotransmitters
* Altered neural circuit function

membrane injury and have been used as biomarkers for
neuronal oxidative damage”. Indeed, one study reported
that brain tissues from diabetic rats and from patients
with diabetes and Alzheimer disease as comorbidities had
intraneural accumulation of 4-hydroxynonenal-based
adducts”, which suggests that the peroxidative cell dam-
age contributes to neurodegeneration in diabetes.
Accumulating evidence from experimental mod-
els of insulin resistance and T2DM indicates systemic
mitochondrial dysfunction as a pathological mecha-
nism contributing to health deterioration and cognitive
decline. Specific mechanisms linking mitochondrial
and metabolic dysfunction with neurodegeneration and
Alzheimer disease are discussed elsewhere®™.

Post-translational modification of calcium-dependent
protein kinases. In diabetic rats, altered calcium (Ca*")
signalling contributes to neuron dysfunction via multi-
ple mechanisms”. A 2013 study in brains (and hearts) of
humans with diabetes and Alzheimer disease as comorbidi-
tiesand in brains of diabetic rats identified post-translational
modification of Ca**/calmodulin-dependent protein
kinase IT (CaMKII)'. The authors reported that diabetes
induces O-GlcNAcylation (which is the covalent binding
of O-linked N-acetylglucosamine) of CaMKII, which acti-
vates the CaMKII'”. Overactivity of CaMKII can cause
neuronal excitotoxicity and dysfunction of ion channels
that are involved in gene transcription and viability'"".

Amylin dyshomeostasis

Amylin (also known as islet amyloid polypeptide) is a
pancreatic -cell hormone co-secreted with insulin that
is involved in normal glucose homeostasis'”. Amylin
from humans (but not rodents'*) is amyloidogenic and
aggregates quickly when overexpressed. The majority of
individuals with T2DM have large deposits of aggregated
amylin in the pancreatic islets'””, kidneys'”* and heart'*.
Aggregated amylin induces cell dysfunction and apop-
tosis'”?. Accumulating data from several laboratories
have confirmed that the brains of patients with T2DM
and Alzheimer disease contain an abnormally increased
level of aggregated amylin and mixed amylin-amyloid-f
plaques'”™™'%® (FIG. 3). In addition, an epidemiological
study from 2017 indicated a genetic risk of developing
mixed amylin—amyloid-p plaques in the brain'®”. The
results indicate that amylin dyshomeostasis is a possi-
ble new link between T2DM and an increased risk of
Alzheimer disease'"'%,

Amylin is oversecreted in individuals with prediabetic
insulin resistance (that is, hyperinsulinaemia always
coincides with hyperamylinaemia)'*>. Overexpression
(a threefold increase) of human amylin in the pancre-
atic B-cells of human islet amyloid polypeptide (HIP)
rats and HIP mice results in amylin-amyloid deposition
in pancreatic islets, $-cell apoptosis and overt hyper-
glycaemia''’. In addition to the development of
late-onset T2DM, HIP rats showed vestibulomotor
dysfunction, altered balance and impaired memory and
learning®*. Brain dysfunction in HIP rats correlated
with amylin deposition within the walls of the blood
vessels of the brain®*’ and in the brain parenchyma’.
In contrast to diabetic Alzheimer disease mice gener-
ated by crossing Alzheimer disease mice with db/db
mice®’, which showed brain microhaemorrhages with-
out parenchymal loss, HIP rats have brain microhaem-
orrhages associated with white matter rarefaction and
brain atrophy™ (TABLE 1). A 2017 study''' demonstrated
that HIP mice expressing a mutated form of the amy-
loid precursor protein in neurons develop cross-seeding
of amylin-amyloid-p pathology, leading to accelerated
brain dysfunction compared with transgenic mice
expressing only amylin or the amyloid-f protein. These
results suggest that systemic amylin dyshomeostasis is a
trigger of mixed vascular amylin—amyloid-f pathologies.
Interaction of amylin with amyloid-f pathology was also
documented in the brains of patients with diabetes and
Alzheimer disease as comorbidities'*>'*. These results
suggest that an increased amyloid- burden does not
develop in the brains of patients who have both diabe-
tes and Alzheimer disease, but amyloid with a different
composition might develop.

Next steps and challenges

Each animal model (TABLE 1) has certain limitations, and
no experimental model exists that accurately phenocop-
ies the human brain condition in diabetes and Alzheimer
disease. For example, transgenic mouse models of
Alzheimer disease overexpressing the amyloid precursor
protein show not only exacerbated amyloid-f but also
elevated full-length amyloid precursor protein and other
fragments of amyloid-p processing''>'"’. These data
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Fig. 3 | Pancreatic amylin forms amyloid and interacts with amyloid-f in the brains of patients with type 2 diabetes
mellitus. Sections through the brains of patients with type 2 diabetes mellitus (T2DM) and Alzheimer disease showing
amylin-positive vascular wall contours (brown) in capillaries (part a), small arterioles (parts b, ), neurons (part c) and plaques
(part d). When congo red stain (purple; part g) is viewed under a under the polarized light microscope, vascular amylin
deposits that appear brown in part e, appear apple-green birefringence (part h). The same blood vessel shown in parts g, h
has no amyloid-B immunoreactivity (part f). In parts ¢ and i, amylin (brown) interacts with amyloid-f (red), forming cerebral
mixed amylin—amyloid-B deposits. In part j, vascular deposition of amylin (brown) and astroglial reaction (green stain for glial
fibrillary acidic protein (GFAP)) are shown. Parts a and j are adapted with permission from REF.*, John Wiley and Sons. Parts b,
e, f, g, handiare adapted with permission from REF.'>, John Wiley and Sons. Parts c and d are reprinted from J. Alzheimers
Dis. 53, Verma, D. et al. Intraneuronal amylin deposition, peroxidative membrane injury and increased IL-1beta synthesis in
brains of Alzheimer’s disease patients with type-2 diabetes and in diabetic HIP rats. 259-272,©2016, with permission from
|OS Press. The publication is available at IOS Press through http://dx.doi.org/10.3233/JAD-160047 (REF.”).

might explain why the amyloid burden is increased in
diabetic Alzheimer disease mice but not in patients who
have T2DM and Alzheimer disease as comorbidities.
The pathophysiology of T2DM encompasses a com-
plex interplay of multiple deficiencies involving insulin
resistance, relative insulin deficiency and pancreatic
B-cell dysfunction that ultimately result in multiorgan
impairments. Although Alzheimer disease is primarily
a neurodegenerative process, it often occurs in the con-
text of vascular risk factors, cardiovascular disease and
cerebral vascular pathology in humans*>**'"*. Mice that
accumulate amyloid-p in the brain do not demonstrate
these comorbidities (that is, mouse models of Alzheimer
disease do not develop cardiovascular disease and/or
diabetes spontaneously; however, induction of heart
failure increases the amyloid- production in the brain).
Thus, to achieve progress in investigating and validat-
ing causative mechanisms of increased risk of cognitive

decline in patients with T2DM, we think a vital tool will
be animal models carrying considerable heterogene-
ity of diabetes pathology along with a broad spectrum
of phenotypes seen in patients with dementia. Novel
lines of transgenic mice that are engineered to achieve
inducible and reversible expression of human proteins
involved with diabetic brain injury could be an impor-
tant step to identify a cerebral pathological substrate of
diabetes-associated cognitive decline (BOX 3).

Implications for patient management
Manifestations of cognitive dysfunction in diabetes, as
reviewed herein, receive increasing attention in research
and in clinical care. Clinical diabetes guidelines from the
past 5 years have started to provide suggestions on how
clinicians should detect cognitive impairment and how the
presence of cognitive impairment in patients with diabetes
should affect diabetes management''*'"".
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Box 3 | Translational potential

Enhancing crosstalk between clinical and experimental studies

e Key features of cognitive dysfunction and dementia in humans with type 2 diabetes

mellitus (T2DM) to be addressed:

- Cogpnitive dysfunction and dementia in T2DM are due to mixed aetiologies, which
typically occur in the context of brain ageing.

- Molecular or cellular processes involved in multiple aetiologies (that is, converging
pathways) would be key targets for therapy.

- T2DM does not accelerate the occurrence of Alzheimer disease pathologies.
However, because Alzheimer disease pathologies are still very common in patients
with T2DM, other aetiologies will often occur on a background of Alzheimer disease

pathology.

- In addition to vascular pathologies, non-Alzheimer disease mechanisms of
neurodegeneration should be a key focus of aetiological research.

¢ Insights from experimental studies:

- The intervention used to induce diabetes can affect the cerebral phenotype in
rodent models (TABLE 1). Animal models that adequately capture the heterogeneity
of diabetes seen in humans are essential to uncover a pathological substrate for
cognitive dysfunction and dementia in T2DM.

- A number of non-Alzheimer disease processes seem to induce an Alzheimer

disease-like phenotype in diabetic rat***° and mouse

" models. For example,

vascular lesions and mixed amylin-amyloid-f plaque formation occur both in rodent
models of amylin dyshomeostasis and in humans with dementia and T2DM.
Understanding how these various pathways translate to cognitive dysfunction in
humans with T2DM needs further investigation.

The detection and management of cognitive dysfunc-
tion in T2DM is not a ‘one size fits all’ approach. The
different stages of cognitive dysfunction have different
features and affect patients in different ways; therefore,
each stage requires a unique clinical approach. Diabetes-
associated cognitive decrements are by definition subtle
and do not clearly affect social or occupational func-
tioning or diabetes self-management®. Therefore, it
suffices to act on cognitive complaints rather than to
strive for active detection strategies, such as screening
programmes.

Approaches to diagnose and manage diabetes-
associated cognitive decrements and to differentiate
these subtle cognitive deficits from more severe stages of
cognitive dysfunction, in particular MCI and dementia,
have been proposed before’. First, the age of the patient
provides important context, as cognitive decrements
occur in all age groups, whereas MCI and dementia
rarely occur before 60-65 years of age®. Second, the
nature of the complaints should be compatible with
decrements. For example, patients might express
worries about their cognitive abilities, often in terms of
forgetfulness, but there should be no examples in which
the cognitive complaints consistently had major conse-
quences (for example, repeatedly forgetting important
appointments or not remembering recent major life
events occurring in close relatives). Finally, the com-
plaints should have developed insidiously, with limited
progression over time, and there should be no alterna-
tive explanations. In such cases, it can often be sufficient
to explain to the patient that the complaints could be
due to diabetes-associated cognitive decrements and
that although the complaints can be annoying, further
marked decline is not expected to occur (particularly
true if a patient is younger than 60-65 years of age).
However, it should be acknowledged that a diagnostic

label of diabetes-associated cognitive decrements always
remains a probable diagnosis based purely on the symp-
toms as there are no definite signs on which a diagnosis
can be based’. Hence, re-evaluation of the patient after
6-12 months is generally warranted so that a clinician
can verify whether the course of the complaints, which
should not reflect evident further cognitive decline, is
indeed compatible with the diagnosis.

MCI and dementia warrant another approach. These
stages of cognitive dysfunction are associated with a
reduced ability to self-manage diabetes and maintain
glycaemic control, with an increased frequency of
hospital admissions and occurrence of severe hypo-
glycaemic episodes and with an increased occurrence of
major cardiovascular events and death in patients with
diabetes**!'®!". In order to try to avoid these adverse
disease outcomes, screening for cognitive impairment
in older adults with diabetes is being advocated'"”.
Nevertheless, it should be acknowledged that there are
still open questions regarding the actual target group
and frequency for screening, the appropriate screening
instrument and, importantly, whether early identifi-
cation of cognitive impairment can indeed avert these
adverse outcomes.

With regard to the diagnostic approach to patients
with diabetes who are suspected to have cognitive
impairment, the clinical approach is the same as for
patients with suspected MCI without diabetes’. As there
are no diabetes-specific features to MCI and dementia,
the same diagnostic tests are indicated in patients with-
out diabetes. Particularly in patients with MCI, there
should be serial assessments over time to monitor for
changes in cognitive status®, as some patients can pro-
gress to dementia whereas others might remain stable
or even improve.

At present, there are no established treatments that
can halt or delay the processes that underlie cognitive
impairment except for adequate cardiovascular risk
factor management. Importantly, these vascular pre-
vention strategies apply to patients of all age groups.
Although we have argued that there might be little ben-
efit to actively screening for cognitive deficits in young
adults or in adults during midlife, vascular risk factor
management and lifestyle modifications, according to
available vascular risk management guidelines, probably
have the highest effect (also on cognitive outcomes) if
started early and maintained throughout life. Of note, in
patients who never experienced cardiovascular events,
guidelines for primary vascular risk prevention apply.
However, if an MRI is performed and manifestations of
small vessel disease are detected, cardiovascular risk fac-
tor treatment can be modified according to the 2017 rec-
ommendations for vascular risk management in relation
to these lesions'”.

Finally, it has been proposed that the presence of cog-
nitive impairment in patients with diabetes should be a
reason to use less strict glycaemic targets (for details,
see 2017 guidelines''*'?"). The argument for these
recommendations is that in patients with cognitive
impairment, particularly if there are additional comor-
bidities, the risk:benefit ratio of intensive glycaemic
control shifts to higher risk and lower gain.
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Conclusions
In conclusion, clinicians now accept cognitive dysfunc-
tion as an important and common comorbidity — or
even complication — of diabetes mellitus. Research over
the past decades has delineated the clinical features and
brain imaging correlates of diabetes-associated cog-
nitive dysfunction in different age groups across the
lifespan®*. Insights derived from clinical research are
increasingly being translated to daily clinical care for
individual patients with diabetes, but there are still gaps
in our knowledge. Current challenges include improving
the delineation of the diagnostic construct of diabetes-
associated cognitive decrements and development of
effective strategies to detect undiagnosed frank cognitive
impairment in vulnerable individuals.
Course-modifying treatment and prevention strat-
egies for diabetes-associated cognitive dysfunction,
in particular MCI and dementia, remain the highest
unmet needs. Therapies should target diabetes-specific
mechanisms of cognitive dysfunction; however, the dis-
ease processes that are not unique to diabetes but also

contribute to cognitive decline also need to be eluci-
dated further. For example, processes that contribute
to the typical pathologies of Alzheimer disease —
although apparently not accelerated by diabetes — are
probably still important contributors to cognitive dys-
function in people with diabetes, just like they are in
people without diabetes. Thus, developments in the
aetiological treatment of patients with Alzheimer dis-
ease and other dementia aetiologies outside the field
of diabetes are also highly relevant'*. From a preven-
tion perspective, individuals with T2DM who are at
an elevated risk of developing dementia can already
be identified at an early stage with established risk
scores®. These individuals might constitute a target
group in dementia prevention trials. In the meantime,
it is important that randomized controlled trials on
prevention of diabetic complications consider cognitive
outcomes, if not as a primary outcome then at least as
a secondary outcome.
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