
REVIEW

Exercise for the diabetic brain: how physical training may help
prevent dementia and Alzheimer’s disease in T2DM patients

Sebastian Bertram1
• Klara Brixius1

• Christian Brinkmann1

Received: 10 April 2016 / Accepted: 27 April 2016 / Published online: 9 May 2016

� Springer Science+Business Media New York 2016

Abstract Epidemiological studies indicate that patients

with type 2 diabetes mellitus (T2DM) are at increased risk

of developing dementia/Alzheimer’s disease (AD). This

review, which is based on recent studies, presents a

molecular framework that links the two diseases and

explains how physical training could help counteract neu-

rodegeneration in T2DM patients. Inflammatory, oxidative,

and metabolic changes in T2DM patients cause cere-

brovascular complications and can lead to blood–brain-

barrier (BBB) breakdown. Peripherally increased pro-in-

flammatory molecules can then pass the BBB more easily

and activate stress-activated pathways, thereby promoting

key pathological features of dementia/AD such as brain

insulin resistance, mitochondrial dysfunction, and accu-

mulation of neurotoxic beta-amyloid (Ab) oligomers,

leading to synaptic loss, neuronal dysfunction, and cell

death. Ceramides can also pass the BBB, induce pro-in-

flammatory reactions, and disturb brain insulin signaling.

In a vicious circle, oxidative stress and the pro-inflamma-

tory environment intensify, leading to further cognitive

decline. Low testosterone levels might be a common risk

factor in T2DM and AD. Regular physical exercise rein-

forces antioxidative capacity, reduces oxidative stress, and

has anti-inflammatory effects. It improves endothelial

function and might increase brain capillarization. Physical

training can further counteract dyslipidemia and reduce

increased ceramide levels. It might also improve Ab

clearance by up-regulating Ab transporters and, in some

cases, increase basal testosterone levels. In addition, reg-

ular physical activity can induce neurogenesis. Physical

training should therefore be emphasized as a part of pre-

vention programs developed for diabetic patients to mini-

mize the risk of the onset of neurodegenerative diseases

among this specific patient group.
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Epidemiological associations between type 2
diabetes mellitus and dementia/Alzheimer’s
disease

The epidemiology of dementia and type 2 diabetes mellitus

(T2DM) and their possible relationship is a recurring

subject of neuro-psychiatric research, dating back to at

least three decades [1]. In a 2014 statement issued by the

World Dementia Council, diabetes was classified as one of

the leading preventable risk factors related to cognitive

decline and dementia [2]. Recent meta-analyses conclude

that T2DM is associated with decreased executive function

and memory [3–5], and describe associations between

T2DM and magnetic resonance imaging findings of hip-

pocampal and total gray matter atrophy [6]. Conversely,

T2DM was also found to increase the risk of amnestic mild

cognitive impairment (MCI) progression towards dementia

in numerous longitudinal studies [7, 8]. A conventional

wisdom is that vascular damage can lead to cognitive

decline [vascular dementia (VD)]. However, Moran et al.

[6] did not observe that reductions in executive function

and memory in T2DM patients are attenuated after

adjusting for cerebrovascular lesions, suggesting that

T2DM can lead to cognitive decline also in other ways.
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Furthermore, meta-analyses of prospective cohort stud-

ies report that diabetes may increase the risk of Alzhei-

mer’s disease (AD) when present during midlife [9] and

contributes to the progression from amnestic MCI to AD

[10]. A 2013 meta-analysis of 28 prospective observational

studies involving a noteworthy number of 1,148,041 sub-

jects across all studies found robust associations of T2DM

with all-cause dementia, VD and AD, with a relative risk

increase for AD being estimated at 73 % [11].

Public health impacts of reducing the incidence of dia-

betes are high, which alone considering its contribution to

dementia/AD, are crucial: in an epidemiological investi-

gation to assess the potential impact of primary prevention,

Norton et al. [12] conclude that up to one-third of AD cases

are attributable to preventable risk factors, diabetes being

among them.

The available evidence points towards T2DM as a risk

factor for dementia and AD. Following this line of thought,

we will summarize the basal principles of dementia/AD

pathophysiology and then explore some molecular con-

nections between T2DM and neurodegeneration.

Vascular and cellular modifications: triggering
dementia and Alzheimer’s disease

VD refers to any disease of the vasculature that causes or

contributes to a state of dementia by reducing energy

supply for cell function and cell survival. As such, this

umbrella term includes various concepts. Cerebral small

vessel disease (CSVD) is thought to be the most important

subentity (for a review, see [13]). VD shares many of the

same risk factors as AD (as discussed above), but differs in

its pathophysiology. With the main focus of its pathogen-

esis within the blood vessels, VD as a result of CSVD

involves phenomena such as subcortical leukencephalopa-

thy caused by arteriosclerosis and thromboembolism in

small white matter arterioles, lacunar strokes affecting

penetrating small arteries supplying deeper brain regions,

and cerebral microbleeds associated chiefly with hyper-

tension and cerebral amyloid angiopathy [14]. Endothelial

dysfunction is considered a key causative agent in many

vascular diseases, including stroke [15] and may also be

involved in CSVD [16].

By contrast, the fundamental mechanisms of AD are

widely accepted to originate in nerve cells, independently

of vascular pathology. Beta-amyloid (Ab) peptides are

generated from Ab precursor protein (APP) through

sequential cleavages and can form soluble Ab oligomers

which are thought to be causative as main mediators of the

progression of the disease—either through intracellular

toxicity or by interaction with synaptic proteins [17]. The

notion of pathological insulin signaling being at the core

of AD has been gaining traction for some time [18]: a fact

that is especially pertinent to this review and will be

addressed in detail below. It is important to note, however,

that much research does not draw a dogmatic line between

vascular and Ab-mediated dementia/AD, instead illumi-

nates the many points at which both diseases intersect and

entwine in a vicious circle. Autopsy studies have found a

significant rate of mixed VD and AD, suggesting additive

or synergistic effects of both pathologies on cognitive

decline [19]. Therefore, while we highlight the distinction

on a theoretical level, the question of what exactly is

responsible for cognitive decline remains nebulous in real-

life diagnoses.

Several parallels and molecular links
between the pathology of type 2 diabetes mellitus,
vascular dementia, and Alzheimer’s disease

There are some parallels in the pathology of T2DM, VD,

and AD and several molecular mechanisms which link

these diseases and include inflammatory, oxidative, and

metabolic changes (Fig. 1a).

Type 2 diabetes mellitus-associated vascular

complications and their contribution

to the progression of dementia/Alzheimer’s disease

T2DM can lead to vascular complications as has been

extensively reviewed elsewhere [20]. Hence, only some

of the most important mechanisms are summarized in this

section. Macro- and microvascular complications mostly

occur due to the presence of clustered risk factors such as

hyperglycemia, dyslipidemia, and hypertension. As a key

event, metabolic abnormalities lead to an overproduction

of reactive oxygen species (ROS) which restrict the

bioavailability of nitric oxide (NO), a potent vasodilator,

trigger vascular inflammation, and thus predispose

endothelial dysfunction [21]. Hyperglycemia up-regu-

lates endothelin-1, a potent vasoconstrictor, via protein

kinase C and a lack of insulin (in insulin-dependent

patients) can induce calcium accumulation in blood pla-

telets, resulting in hyperactivity and platelet aggregation

[22, 23].

Furthermore, comorbidities can intensify the risk for

vascular complications. Changes in lipid profile, in par-

ticular elevated very low density lipoprotein levels, an

increased release of pro-inflammatory adipocytokines in

patients with obesity as well as hypertension-driven

oxidative stress, inflammation, and vascular damage, can

further favor arteriosclerosis [24–26].
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Type 3 diabetes mellitus? Molecular evidence

of central nervous system insulin/insulin-like growth

factor resistance in AD

Insulin resistance is a likely candidate in the pathogenesis

of AD because it is known that insulin acts as a neu-

rotrophic factor that crosses the blood–brain barrier (BBB)

via a receptor-mediated transport mechanism and is also

synthesized locally within the brain [27]. There, insulin

contributes to both synaptogenesis and synaptic remodeling

[27]. Other central nervous system (CNS) functions

mediated by insulin and insulin-like growth factor (IGF),

that can also cross the BBB, may include modulation of

neurotransmitter concentrations [28], the augmentation of

long-term potentiation [29], hippocampal synaptic plastic-

ity [30], and glucose uptake in cortical areas [31, 32]. Key

downstream targets in these functions are the Akt/protein

kinase B (PKB) pathway or the mitogen-activated protein

kinase (MAPK)/extracellular signal-regulated kinase path-

way [32–35].

Talbot et al. [36] sought to compare postmortem brain

insulin/IGF-1 sensitivity in AD subjects with that in heal-

thy controls. They tested insulin signaling [insulin receptor

(IR) ? IR substrate (IRS)-1 ? phosphoinositide 3-kinase

(PI3K) ? Akt/PKB] and IGF-1 signaling (IGF-1 recep-

tor ? IRS-2 ? PI3K) in the hippocampal formation and

the cerebellar cortex using an ex vivo stimulation protocol.

While they report no difference in the contents of signaling

molecules at baseline, a comparison after stimulation with

near physiological doses of insulin/IGF-1 demonstrated

significant insulin/IGF-1 resistance in the AD cases.

Two candidates of brain insulin resistance, which have

been identified by Talbot et al. [36], are elevated levels of

IRS-1 phosphorylations in serine residues (IRS-1 pS616 and

pS636/639) due to chronically active IRS-1 serine kinases.

This corresponds to a key mechanism of peripheral insulin

resistance, where IRS proteins are likewise phosphorylated

at serine residues, decreasing their transmission activity

[37]. It is notable that insulin resistance demonstrated in

AD brains in Talbot et al.’s [36] study did not affect neu-

ronal glucose uptake in neurons. They therefore consider

the term ‘‘type 3 diabetes’’ inappropriate. However,

reduced glucose utilization has been measured in AD

patients based on 2-[18F]fluoro-2-deoxy-D-glucose positron

emission tomography and even prior to the onset of AD

symptoms [38].

Fig. 1 a Crosstalk between type 2 diabetes and dementia/Alzheimer’s

disease (hypothetical model). b Possible preventive effects of physical

training. TNF-a tumor necrosis factor-a, IL-6 interleukin-6, ROS

reactive oxygen species, AGEs advanced glycation end products,

RAGE receptor for AGEs, NFTs neurofibrillary tangles, LRP-1

lipoprotein receptor-related protein-1
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Bomfim et al. [39] have demonstrated that Ab oligomers

can induce IRS-1 serine phosphorylation in hippocampal

neuronal cells in vitro, as well as in the hippocampi of mice

and monkeys in vivo. The interaction of IRs with inter-

fering Ab oligomers have been linked with activated c-Jun

N-terminal kinase (JNK) [40]. JNK is a stress kinase which

is already known to mediate IRS-1 serine phosphorylation

in peripheral insulin resistance in type 2 diabetes, e.g., in

response to lipotoxic stress [41]. In AD, Ab oligomers have

been shown to activate the JNK/tumor necrosis factor

(TNF)-a pathway [42].

Reduced insulin/IGF-1 signaling in the brain has disas-

trous consequences. Insulin signaling has been shown to

prevent Ab formation and accumulation by dephosphory-

lation of APP (in the threonine 668 site) in human cortical

neuronal cells. APP dephosphorylation prevents the

translocation of the APP intracellular domain into the

nucleus, normally leading to an increased transcription of

anti-amyloidogenic proteins, such as insulin-degrading

enzyme (IDE), involved in Ab degradation, and a-secretase

as well as to decreased transcription of pro-amyloidogenic

proteins such as APP, b-secretase, or glycogen synthase

kinase (GSK)-3b [32, 34, 43].

GSK-3b has been implicated in tau hyperphosphory-

lation in AD [33]. Tau is a neuronal protein found in

axons. Its hyperphosphorylation leads to aggregation and

the build-up of neurofibrillary tangles (NFTs). Although

many studies have demonstrated that the amount and

distribution of NFTs correlate well with the severity and

the duration of AD, it is still controversial whether NFTs

lead to neuronal death [33, 44, 45]. Insulin has also been

demonstrated to inactivate GSK-3b through phosphory-

lation, which, without inactivation, increases tau phos-

phorylation [46, 47].

IDE catabolizes insulin, and is also directly involved in

Ab clearance [48]. IDE processes both insulin and Ab, but

has a higher affinity towards insulin [49]. Thus, insulin

resistance and hyperinsulinemia may reduce the IDE

degradation of Ab and contribute to neuronal Ab toxicity.

IGF-1 signaling normally leads to enhanced clearance of

brain Ab peptides by modulating transporters/carriers of

Ab at the blood–brain interface [50]. Thus, a vicious circle

arises in which Ab oligomers up-regulate their own for-

mation. An accumulation of Ab oligomers further deteri-

orates insulin resistance by decreasing the binding affinity

of insulin to its receptor and by reducing the amount of cell

surface receptors [51].

In conclusion, there are a number of similarities between

T2DM and AD with regard to insulin signaling, and it has

been suggested that some form of crosstalk between

peripheral insulin resistance and the brain may be respon-

sible for the association of the two diseases—for instance,

inflammatory cytokines [52].

Possible crosstalk between type 2 diabetes mellitus

and dementia/Alzheimer’s disease: chronic

inflammation

Overweight/Obese T2DM patients show increased levels of

pro-inflammatory cytokines and markers, e.g., interleukin

(IL)-1b, IL-6, TNF-a—not only in adipose tissue, but also

in blood [53–55]. These molecules are also increased in

brain slices, spinal fluid, and in the blood of dementia/AD

patients [56–59]. Pro-inflammatory signaling has been

proven to promote peripheral insulin resistance in diabetes

[60, 61] and to impair neuronal insulin signaling as well

[39, 62]. The question arises, whether pro-inflammatory

molecules, produced in peripheral tissues and released to

the blood, can pass the BBB to exacerbate neuronal insulin

resistance. Interestingly, diabetes and hypercholesterolemia

increased BBB permeability in a pig model [63]. Takeda

et al. [64] have reviewed the role of BBB in the progression

of AD extensively. An overlap between the pathogenesis of

AD and VD is evident. The BBB can become leaky due to

damage from an accumulation of Ab along brain–blood

vessels and/or vascular inflammation/oxidative stress [65].

Other studies underline the assumption of an increased

brain influx of pro-inflammatory molecules in diabetes.

Sonnen et al. [66] found increased IL-6 levels in AD brains

of diabetic subjects compared with AD brains of non-dia-

betic subjects post mortem. Alterations in BBB perme-

ability allow for peripherally produced cytokines to cross

the BBB more easily [67] and it may be that the ‘‘first hit’’

needed to kick off the feed-forward loop for the develop-

ment of brain insulin resistance which is intensified by

peripheral chronic inflammation.

Possible crosstalk between type 2 diabetes mellitus

and dementia/Alzheimer’s disease: oxidative stress,

mitochondrial dysfunction, and advanced glycation

end products and their receptors

Oxidative stress is an imbalance between the presence of

ROS and antioxidative capacity. In type 2 diabetes, several

mechanisms can lead to excessive generation of ROS, e.g.,

the autoxidation of glucose or increased mitochondrial

ROS production due to the excess supply of substrates

(e.g., lipids) in skeletal muscle [68, 69]. ROS can damage

lipids, proteins, or DNA and thus contribute to the pro-

gression of secondary complications in diabetes [70].

Markers of oxidative stress are also increased in AD brains

and are present in spinal fluid even before dementia man-

ifests [71, 72]. It has been suggested that an abnormal

stimulation of excitatory N-methyl-D-aspartate receptors by

Ab oligomers is most responsible for brain ROS production

in the context of calcium-related mitochondrial dysfunction

[73]. Because Ab-induced oxidative stress is blocked by
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insulin, brain insulin resistance seems to be directly linked

to brain oxidative stress [73]. ROS can activate the JNK

signaling pathway [74] leading to insulin resistance [75].

ROS can also induce mitochondrial dysfunction, and thus

sustain a vicious circle in which mitochondrial dysfunction

further increases ROS levels [76]. Mitochondrial dysfunc-

tion is a common condition of T2DM and AD [77]. Among

others, mitochondrial dysfunction has also been found to be

a factor in AD pathophysiology. ROS-induced damages

can potentiate when increasing ROS levels overwhelm

antioxidative capacity, and promote cell death [78].

The question is whether ROS in diabetes can contribute

to the progression of dementia/AD. What we know is that

oxidative stress is one of the key triggers in changing BBB

permeability resulting in an increased influx of pro-in-

flammatory molecules, such as TNF-a, into the brain [79].

The generation of advanced glycation end products

(AGEs) can also contribute to oxidative stress. AGEs are

modifications of proteins or lipids that become glycated

and oxidized [80]. AGEs bind to cell surface receptors for

AGEs (RAGEs). AGE–RAGE interaction leads to ROS

production via NADPH oxidase system which in turn

activates the Ras-MAPK pathway and ultimately, nuclear

factor kappa-light-chain-enhancer of activated B cell

(NFjB) proteins which further contribute to inflammation

[35, 81].

RAGE protein content is up-regulated when AGE

ligands accumulate and RAGE levels are thus increased in

T2DM [49, 82, 83]. It is known that RAGE can mediate

transcytosis of Ab into the brain [82]. APP is also

expressed in several tissues other than the brain and soluble

Ab is detectable in blood [84]. RAGE-mediated Ab influx

results in increased IL-6 and TNF-a concentrations in brain

[82]. RAGE is not only found in the BBB but also in

neurons, astrocytes, and microglia, where it directly con-

tributes to inflammatory responses in AD [85, 86]. It can be

assumed that this mechanism presents yet another path

from T2DM to AD [85].

Possible crosstalk between type 2 diabetes mellitus

and dementia/Alzheimer’s disease: dyslipidemia

and increased ceramide levels

Ceramides constitute a family of sphingolipids composed

of a fatty acid and sphingosine, and serve a dual function as

element of biological membranes, but also as molecules

involved in cellular signaling [87]. Saturated fatty acids

can induce the formation of sphingolipids [88]. Further-

more, insulin resistance in T2DM dysregulates lipid

metabolism resulting in increased ceramide generation

(e.g., in liver) [89].

Ceramides can interfere with insulin signaling by

increasing pro-inflammatory cytokines thereby exacerbating

insulin resistance [90]. Peripherally generated ceramides can

cross the BBB and exert their pro-inflammatory and pro-

diabetic effects in the brain, triggering the various cascades

involved in the neurodegenerative process by inducing brain

insulin resistance [90]. Ceramides can also change the

environment of lipid rafts (membrane microdomains)

favoring stress-related signaling and Ab generation [77].

Studies in rats found an increase in circulating cer-

amides when feeding the animals a high-fat diet, and a

mild neurodegenerative phenotype [91]. In a later experi-

ment by the de la Monte Group, an intraperitoneal injec-

tion of ceramides induced inhibition of IRS-1 and Akt

signaling in the brain and impaired neurocognitive func-

tion [92].

The neurotoxic potential of ceramides is thus another

factor worth consideration in the study of AD as a meta-

bolic disease.

Possible crosstalk between type 2 diabetes mellitus

and dementia/Alzheimer’s disease: reduced Ab
clearance

We know that Ab is usually moved from the brain at the

BBB through a number of transport proteins. Lipoprotein

receptor-related protein (LRP)-1 transports Ab from the

brain in order for Ab to be released in blood and further

processed in the liver [93]. It is known that Ab inhibits its

own clearance by reducing LRP-1 expression in the

microvasculature and furthermore resists efflux by aggre-

gation, as the transporters are most specific for the mono-

meric form of Ab [85, 94].

Since it has been shown that insulin induces LRP-1

translocation to the plasma membrane in hepatic cells and

facilitates LRP-1-mediated hepatic Ab uptake, it is con-

ceivable that Ab clearance fails in type 2 diabetes due to

attenuation of the insulin signaling response, thus favoring

Ab accumulation in the brain [95]. Additionally, there is

some evidence that oxidative stress also plays a role in Ab
clearance, because AD patients show oxidative damage to

LRP-1 [85].

Possible crosstalk between type 2 diabetes mellitus

and dementia/Alzheimer’s disease: low testosterone

levels

The assumption is that low testosterone levels are a further

common link between T2DM and AD. On the one hand,

low testosterone levels have been found in T2DM men in

comparison with age-matched controls without diabetes

[96], and testosterone therapy has been shown to improve

insulin resistance and glycemic control as well as total

blood cholesterol in hypogonadal diabetic men [97].

However, a recent meta-analysis did not indicate
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significant improvements in diabetes features in T2DM

patients following the routine use of testosterone treatment

[98].

On the other hand, low levels of testosterone have been

proven a risk factor for the development of AD in men [99,

100]. Although positive effects of testosterone replacement

therapy on brain glucose uptake have been demonstrated in

case studies involving elderly patients with AD [101],

further research is necessary to entirely clarify the role of

testosterone deficiency in the progression of AD.

Beneficial effects of exercise training in type 2
diabetes mellitus to prevent dementia/Alzheimer’s
disease

The beneficial effects of exercise training to prevent and

treat T2DM-associated metabolic changes and vascular

complications are well known. Physical exercise has been

shown to reduce hyperglycemia and insulin resistance

[102] and lead to a significant reduction in HbA1c [103,

104]. As the incidence of complications arising from dia-

betes is directly related to HbA1c, a reduction in HbA1c

also reduces the incidence of vascular complications,

myocardial infarction, and deaths related to diabetes [105].

Regular physical exercise could also prevent the

development and progression of dementia/AD in T2DM by

various mechanisms (Fig. 1b) which are discussed in detail

below.

Physical training can improve endothelial function,

blood pressure regulation, and might increase brain

capillarization thus fighting vascular dementia

Endothelial dysfunction can predict cardiovascular events

and mortality [106, 107]. Exercise has positive effects on

vascular endothelial function by increasing the bioavail-

ability of NO and restoring vasodilation response to shear

stress. Possible mechanisms include transiently increased

shear stress through higher blood velocity during exercise

inducing endothelial gene expression, and a training-in-

duced increase in anti-inflammatory/antioxidative mole-

cules [108]. Maiorana et al. [109] found an improved

endothelial function in T2DM patients (n = 16) following

circuit training (combined cycling/walking and strength

training) with submaximal intensities/loads [70–85 %

maximum (peak) heart rate (HRmax), 55–65 % maximum

voluntary contraction, 3 times per week, 60 min each

session] for 8 weeks. Okada et al. [110] also found

improvements in the endothelial function in T2DM patients

(n = 21) following a combined training [submaximal

intensity aerobic dance (20 min), cycling (20 min), and

strength–endurance training (20 min) with submaximal

loads (training heart rate was determined according to

Karvonen’s formula with k = 0.6, strength training inten-

sity not precisely specified, 3–5 times per week, 60 min

each session ? 10 min warm-up ? 5 min cool-down] for

3 months. Cohen et al. [111] demonstrated that strength

training with submaximal loads [50–85 % 1-repetition

maximum (1-RM)] alone can also improve endothelial

function in T2DM patients (n = 29, 2–3 times per week,

45 min each session ? 5 min warm-up ? 5 min cool-

down, for 14 months).

Physical training also has a demonstrable effect on

blood pressure (BP). The basis of exercise training-induced

BP reduction appears to be a decrease in systemic vascular

resistance, involving alterations to the sympathetic nervous

system and the renin–angiotensin–aldosterone system,

according to a 2005 meta-analysis of 72 trials. Studies have

shown significant reductions in circulating norepinephrine

and renin levels concomitant with BP reduction after sub-

maximal endurance exercise-based interventions lasting at

least 4 weeks [112]. In a meta-analysis involving 42

studies with submaximal intensity endurance training or

strength training interventions with submaximal loads (for

at least 8 weeks), the positive effect of regular physical

activity in optimizing BP in type 2 diabetic patients is

evident [113].

Intriguingly, there is also evidence from animal studies

with rats that regular exercise directly enhances cerebral

angiogenesis by promoting the growth of new capillaries in

the motor cortex [114] and that it can increase total brain

capillary volume [115]. Another study has demonstrated a

direct effect of regular exercise in a rat model after occlusion

of the medial cerebral artery (MCA): trained rats showed

significantly reduced stroke damage and less neurological

deficits [116]. The latter observation is consistent with an

improved collateralization of the microvascular network in

the MCA territory, as neighboring unoccluded vessels could

have helped supply oxygen to the protected regions.

Based on the research outline above, it is clear that any

exercise training-associated reduction in vascular compli-

cations should also lead to a reduction in the occurrence of

VD. The most recent meta-analysis comprising five human

longitudinal studies concludes that exercise training indeed

is a preventive factor for VD, as a significant association

between physical activity and a reduced risk of developing

VD has been evaluated among more than 10,000 individ-

uals [117].

In addition to these cardiovascular benefits of physical

exercise and their overlap with brain health, the effects of

exercise training on other links between T2DM and

dementia/AD are also of considerable interest in dementia/

AD research to create guidelines for the prevention of

neurodegeneration or to develop medication that can mimic

beneficial training effects.
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Physical training can attenuate inflammatory state

and oxidative stress

While acute intense exercise triggers a spike in inflam-

matory cells/molecules like leukocytes or C-reactive pro-

tein (CRP), repeated bouts of submaximal intensity

exercise induce adaptive mechanisms that can counteract

inflammation in the long term [118–120]. These changes

are measureable as reductions in the inflammatory media-

tors CRP, IL-6, or TNF-a, while anti-inflammatory

cytokines IL-4 and IL-10 increase [102, 121]. As we have

outlined above, TNF-a in the brain can induce JNK-me-

diated brain insulin resistance and probably plays a key

role in the crosstalk between T2DM and dementia/AD.

Numerous studies involving T2DM subjects have

demonstrated that regular physical exercise can attenuate

circulating TNF-a in T2DM patients (Table 1). However,

some studies did not ascertain reductions in TNF-a levels

[Balducci et al. [123]: n = 20, submaximal intensity walk-

ing/running or cycling, 70–80 % maximum (peak) oxygen

uptake (VO2max), twice a week, 60 min each session, for

12 months; Giannopoulou et al. [125]: n = 11, submaximal

intensity walking, 65–70 % VO2max, 3–4 times per week,

60 min each session, for 14 weeks; Kadoglou [126]:

n = 30, submaximal intensity walking/running or cycling,

50–75 % VO2max, 4 times per week, 45 min each ses-

sion ? 10 min warm-up ? 5 min cool-down ? calisthen-

ics, for 6 months]. The question of which training is most

effective for T2DM patients in this regard cannot be clearly

answered. Further studies are needed involving more sub-

jects. However, Abd El-Kader [122] has shown that both

endurance and strength training can potentially reduce

inflammatory state (TNF-a) in T2DM patients.

Physical activity is also known to reduce the incidence

of ROS and to enhance the antioxidative defense [102,

121]. In skeletal muscle in particular, repeated moderate

intensity exercise improves antioxidative capacity by up-

regulating endogenous antioxidative molecules [127, 128].

Cells respond to the stressful stimulus of exercise by

activating pathways to abolish it—in this case, increasing

protein expression of enzymes such as superoxide dismu-

tase, glutathione peroxidase, or antioxidative peroxiredox-

ins. A likely mediator of this response are NFjB proteins,

which can activate gene expression of antioxidative pro-

teins and show enhanced DNA binding around 2 h after

acute exercise [129, 130].

A large body of studies exists demonstrating that regular

exercise can reduce markers of oxidative stress in the blood

of T2DM patients (Table 1), while Kurban et al. [135] did

not find significant changes in oxidative stress in T2DM

patients (n = 30) following a submaximal intensity walk-

ing program (intensity not precisely specified, 3 times per

week, 30 min each session ? 10 min warm-up ? 10 min

cool-down) for 3 months. Reductions in oxidative stress

could prevent the activation of redox-sensitive stress-in-

duced signaling pathways, which are continuously acti-

vated under chronic inflammation in T2DM, and prevent

alterations to the permeability of the BBB, thus curbing

brain inflammation.

There is evidence from animal studies with rats that

immobilization worsens memory performance by promot-

ing oxidative damage to macromolecules in the hip-

pocampus and that regular exercise can reduce oxidative

damage and improves memory [136]. Other researchers

have explored the antioxidative potency of different exer-

cise protocols in the rodent hippocampus, finding a dose-

dependent reduction in oxidative damage when submaxi-

mal intensity exercise frequency was increased from two to

five times per week [137].

The literature shows that regular exercise also improves

the function of the mitochondria in the mouse hippocam-

pus, protecting against an age-associated decline in mito-

chondrial function. Hippocampal tissue studied in murine

models of senescence showed increased mitochondrial

function as measured by oxidative phosphorylation com-

plex content and reduced oxidative stress when animals

performed regular wheel running [138]. The adaptations

were driven by the sirtuin-1/AMP-activated protein kinase

pathway through the regulation of proliferator-activated

receptor c coactivator (PGC)-1a, the master controller of

mitochondrial biogenesis [138]. Thus, regular exercise

could also be useful in maintaining brain mitochondrial

health and efficiency.

Physical training can improve the lipid profile

and reduce ceramide levels

As outlined above, ceramides can disturb insulin signaling

and favor Ab generation in the brain.

Physical exercise has been shown to reduce ceramide

levels and to improve the overall lipid profile [139, 140],

which can serve to reduce the detrimental impact of lipo-

toxic mediators.

In a study by Dubé et al. [139] the authors showed that

submaximal intensity walking or cycling (50–70 % VO2max,

4–5 times per week, 45 min each session) for 16 weeks,

decreased intramyocellular ceramides in patients with impaired

fasting glucose or impaired glucose tolerance (n = 8).

Kasumov et al. [140] have recently demonstrated that

ceramide levels in the blood of T2DM patients can be

reduced through physical training (Table 1).

Physical training might improve Ab clearance

Up to this day, nothing is known about the influence of

physical exercise on Ab clearance in type 2 diabetic
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patients. However, there are some indices from animal

studies that regular physical exercise and can improve Ab
clearance. Lin et al. [141] demonstrated that exercise

training can increase LRP-1 levels in the amygdala and

hippocampus of AD transgenic mice and that regular

exercise reduces the levels of soluble Ab in both brain

regions. How far lifestyle interventions (exercise, diet) can

influence LRP-1 levels and Ab clearance in diabetic

patients, requires further research. However, this might be

an interesting therapeutic approach to prevent/delay the

onset of dementia/AD in T2DM patients.

Physical training can increase testosterone levels

As mentioned above, low testosterone levels have been

assumed to be a common risk factor for the development of

T2DM and AD. Basal testosterone levels have shown to

usually not change or even decrease in men and women

following endurance training, but can be increased after

strength training interventions [142]. Daly et al. [143]

found that a 12-month strength training program with

submaximal loads (Table 1) increases total testosterone

levels in older T2DM patients, while a 16-week strength

Table 1 Positive effects of training interventions on important dementia/Alzheimer’s disease-related biomarkers in the blood of type 2 diabetic

subjects

Studies Type 2

diabetic

subjects

Type of training Intensity Frequency Duration of each training

session

Duration of

the training

intervention

Biomarker

Reduced TNF-a levels post-training

Abd El-Kader

[122]

n = 20 Submaximal intensity

walking/running

60–80 %

HRmax

3 times

per

week

30 min ? 10 min

stretching ? 5 min

warm-up ? 5 min cool-

down

3 months TNF-a ;

n = 20 Strength training with

submaximal loads

60–80 %

1-RM

3 times

per

week

40 min ? 10 min

stretching

3 months TNF-a ;

Balducci

et al. [123]

n = 22 Submaximal intensity

walking/running or

cycling ? strength training

with submaximal loads

70–80 %

VO2max

80 %

1-RM

Twice a

week

40 min endurance

training ? 20 min

strength training

12 months TNF-a ;

Straczkowski

et al. [124]

n = 8 Submaximal intensity cycling 70 %

HRmax

5 times

per

week

30 min 12 weeks TNF-a ;

Reduced oxidative stress post-training

Iborra et al.

[131]

n = 14 Submaximal intensity cycling 70–80 %

VO2max

3 times

per

week

40 min 18 weeks ROS

(MDA) ;

Lazarevic

et al. [132]

n = 30 Submaximal intensity

walking

50–75 %

HRmax

3–5 times

per

week

10–50 min ? 5–10 min

stretching ? 5–10 min

warm-up ? 5–10 min

cool-down

6 months ROS

(MDA) ;

Roberts et al.

[133]

n = 13 Submaximal intensity

walking ? diet

70–85 %

HRmax

Daily 45–60 min 3 weeks ROS

(8-iso-PGF) ;

Wycherley

et al. [134]

n = 13 Submaximal intensity

walking/running ? diet

60–80 %

HRmax

4–5 times

per

week

25–60 min 12 weeks ROS

(MDA) ;

Reduced ceramide levels post-training

Kasumov

et al. [140]

n = 10 Submaximal intensity

walking/running or cycling

60–85 %

HRmax

5 times

per

week

60 min 12 weeks Ceramides ;

Increased testosterone levels post-training

Daly et al.

[143]

n = 14 Strength training with

submaximal loads ? diet

60–85 %

1-RM

3 times

per

week

45 ? 5 min warm-up ?

5 min cool-down

12 months Testosterone

:

HRmax maximal (peak?) heart rate, 1-RM 1-repetition maximum, VO2max maximal (peak?) oxygen uptake, TNF-a tumor necrosis factor-a, ROS

reactive oxygen species, MDA malondialdehyde, 8-iso-PGF 8-iso-prostaglandin-F2a
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training program with submaximal loads (50–80 % 1-RM,

twice a week, 45–60 min each session) did not lead to

increases in the testosterone levels of older T2DM subjects

(n = 9) in a study by Ibanez et al. [144]. It can be spec-

ulated that more frequent strength training sessions as

opposed to less frequent ones can increase testosterone

levels and/or that a longer training duration is necessary to

induce changes in basal testosterone levels.

Physical training can induce neurogenesis

and improve memory

Aside from counteracting numerous deleterious forces of

T2DM that can affect brain health, exercise training also

promotes brain health by enhancing the action of trophic

factors in the brain as has been illuminated in excellent

reviews elsewhere [145–147]. One of the most prominent

mediators is the brain-derived neurotrophic factor (BDNF).

BDNF is involved in neurogenesis, neuroprotection, and

synaptogenesis [148]. It also promotes cell survival by

inducing anti-apoptotic proteins and inhibits pro-apoptotic

factors [149]. BDNF is expressed throughout the CNS, but

also in skeletal muscle [150]. It has been shown to be

depleted in AD patients and in a multitude of AD animal

models, and exerts neuroprotective effects when adminis-

tered in animal models of neurodegeneration [151].

It has been reviewed that acute endurance exercise can

temporarily elevate BDNF concentrations in blood (2–3-

fold) while strength exercises possibly cannot [147] and

that physical training slightly increases or does not increase

basal BDNF levels in healthy subjects [147, 152]. How-

ever, much more research is necessary on the impact of

exercise and training on BDNF levels in patients with

metabolic syndrome/diabetes and/or dementia/AD. It has

further been demonstrated that brain produces and releases

BDNF during acute exercise and contributes to increased

circulating BDNF levels, while muscle-derived BDNF

appears not to be released into circulation [150, 153, 154].

However, exercise-induced transiently increased BDNF

levels seem to be important stimuli for the induction of

neurogenesis in the hippocampus [155, 156]. Among

BDNF, exercise may also stimulate neurogenesis via other

trophic factors, such as IGF-1 and vascular endothelial

growth factor (for a review, see [157]). While the time

course of exercise-induced neurogenesis has not been

directly verified in humans, size increases in both hip-

pocampi could be induced by a 1-year submaximal inten-

sity walking program [50-75 % heart rate reserve (HRR),

frequency not given, 10–40 min each session ? 5 min

warm-up ? 5 min cool-down] in 60 older adults in addi-

tion to improved memory function [158].

A further study suggests that a significant increase in

hippocampus size in addition to improvements in memory

performance is attainable even in elderly patients already

suffering from probable MCI [159]. Compared with the

hippocampal size of a control group (which performed

balance and tone training, n = 11), hippocampal size was

increased in the MCI patients (n = 10) following a

6-month submaximal intensity endurance training program

(40–80 % HRR, twice a week, 40 min each ses-

sion ? 10 min warm-up ? 10 min cool-down), but not in

the MCI patients (n = 8) following a strength training

program [Borg’s rating of perceived exertion (6–20)

13–15, same frequency and duration as in the endurance

training program]. While the human data need to be con-

sidered with caution due to the overall small cohort sizes, a

beneficial effect of regular exercise on neurogenesis can be

assumed.

Training recommendations

It can be deduced from the training studies included in this

review that both conventional endurance as well as strength

training with submaximal intensities/submaximal loads or a

combination of both types of training can have positive

effects on dementia/AD-related biomarkers in T2DM

patients (Table 1). Most of the training programs are in line

with the general recommendations of the American College

of Sports Medicine and the American Diabetes Association

for physical activity of T2DM patients [160]: moderate–

vigorous training should be performed at least 3 days per

week and with a minimum of 150 min weekly. Patients with

long-term complications from diabetes and/or cardiovascu-

lar abnormalities should be screened and seek physician

approval before participating in any training programs.

Conclusions

Epidemiological studies provide evidence of a strong

association between diabetes and dementia/AD and call for

a closer look at the molecular links between the diseases. In

this review, a theoretical framework on the crosstalk

between diabetes and neurodegeneration was presented,

which can guide future research and approaches to therapy.

Regular physical exercise should be emphasized as a part

of prevention programs for diabetic patients who are at

increased risk of developing neurodegenerative diseases

considering that exercise programs have been demon-

strated to attenuate diabetes-related dementia/AD risk

factors.
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