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Summary in English

Worldwide prevalence of dementia is growing fast, the neurodegenerative disease Alzheimer’s disease (AD)
being the most common accounting for more than 50 % of dementia cases. AD is characterized by neuronal
and cognitive dysfunction. The pathological hallmarks of AD include extracellular aggregation and
accumulation of the protein beta amyloid (AB) into mainly senile plaques as well as the
hyperphosphorylated form of the protein tau accumulating inside the neurons as neurofibrillary tangles,

leading to degeneration of the neurons.

Lately, due to failure of clinical trials of disease-modifying drugs for AD treatment, researchers and
physicians have turned their attention towards non-pharmacological approaches, including exercise, to
slow cognitive decline. Studies of physical activity and exercise in animal models for AD have shown
improved cognitive function. Furthermore, in humans higher physical activity level is associated with lower
risk of developing dementia, and intervention studies report a positive effect of physical activity in patients
at risk of developing AD. Although physical activity may impact AD symptomatology, the underlying

biochemical changes are largely unknown

In an effort to arrest the decline in cognitive function and loss of activities of daily living, non-
pharmacological approaches have been investigated. In the randomized clinical trial ‘Preserving Cognition,
Quality of Life, Physical Health and Functional Ability in Alzheimer’s Disease: The Effect of Physical Exercise
(ADEX) study’ we analyzed the effect of 16 weeks moderate-to-high intensity physical organized and
monitored exercise in patients with AD on a cognitive, functional, and molecular level. The central
hypothesis of the ADEX study was that patients with mild AD would benefit on cognition, physical function
and executive function by an intervention of 16 weeks of moderate-to-high intensity physical exercise. We

investigated the underlying molecular changes in four different studies.

In STUDY | we investigated the effect of physical activity (PA) on the markers of AD pathology. Mouse
studies have shown, that beta amyloid levels are modified by PA. We analyzed beta amyloid species by
ELISA and mass spectrometry, and various precursor proteins of beta amyloid, to see if PA could have a
modulatory effect in patients with AD. We found no effect on beta amyloid species, long or short. Further,
was there no effect on the precursor proteins for beta amyloid, indicating that PA does not modulate beta

amyloid deposits and pathways in patients with AD.

In STUDY Il we investigated the effect of PA on synaptic stabilization. Neuronal loss is an early event in AD
and achieving a stabilizing effect on neuronal communication and structure is highly sought after. We

analyzed new biomarkers related to AD. The post synaptic protein neurogranin, the axonal protein



neurofilament light chain, the microglia derived protein YKL-40 and the calcium binding protein VILIP1 were
measured in CSF before and after PA. All have been associated with AD but are new markers of interest. As

in STUDY |, found we no effect of PA on the selected biomarkers.

In STUDY IIl we investigated the effect of PA on markers of inflammation and cell stress, systemic and brain-
related. Increased inflammation is well documented in AD and AD risk, and PA is a well know modulator of
systemic inflammation in cognitive healthy persons. We analyzed a proinflammatory panel in CSF and in
plasma, alongside sTREM2 in CSF, and 8-isoprostane in plasma and CSF. We found a stabilizing effect of PA
on the pro-inflammatory cytokine IFNy in APOE €4 carriers, an increase in systemic IL6 and in CSF sSTREM?2
levels. This indicated that PA may have a systemic modulatory effect on inflammation in patients with AD,
and this effect may transfer to the CNS. Changes were however negative when correcting this exploratory

study for multiple comparisons.

In STUDY IV we investigated a post hoc -hypothesis of the APOE genotype contribution in the effect of PA
on the primary and secondary outcome measures from the ADEX study. Human and animal studies have
indicated that APOE €4 carriers, not only are at increased risk for developing AD, but that the €4 allele may
modify the effect of physical activity on AD. We found evidence suggesting that in fact APOE €4 carriers do
benefit more from PA, than non-carriers, indicating a great therapeutic value of PA in people with genetic

risk of developing AD.

Despite the many negative findings regarding AD related biomarkers and their modulation by PA, exercise
may still be a valuable add-on to traditional pharmacological treatment of AD, and larger studies specifically

targeting the effect of physical exercise on pathophysiological mechanisms in AD are warranted.



Summary in Danish

Forekomst af demens er hurtig voksende pa verdensplan. Den neurodegenerative sygdom Alzheimers
sygdom (AD) er den mest almindelige, og udggr, mere end 50% af demens tilfaelde. AD er karakteriseret
ved neuronalt og kognitivt tab. De patologiske kendetegn ved AD omfatter ekstracellulaer aggregering og
akkumulering af proteinet beta-amyloid (AB) i senile plaks, og hyperphosphorylerede form af proteinet tau,

der akkumuleres i neuronerne som neurofibrillzere tangles, hvilket fgrer til degenerering af neuronerne.

Pa grund af manglende succes af kliniske forsgg med sygdomsmodificerende lazegemidler til AD-behandling
har forskere og laeger vendt deres opmaerksom pa ikke-farmakologiske tilgange, fx motion, for at saenke
kognitiv tilbagegang. Undersggelser af fysisk aktivitet og motion i dyremodeller for AD, har vist forbedret
kognitiv funktion. Hos mennesker er hgjere fysisk aktivitet ogsa forbundet med lavere risiko for at udvikle
demens, og interventionsstudier rapporterer en positiv effekt af fysisk aktivitet hos patienter med risiko for
at udvikle AD. Selv om fysisk aktivitet kan pavirke AD-symptomatologien, er de underliggende biokemiske

arsager stort set ukendte

| et forsgg pa at nedsaette hastigheden for tabet af kognitiv funktion og tabet af daglige aktiviteter, har vi
her undersggt en ikke-farmakologiske fremgangsmader. | dette randomiserede kliniske forsgg ‘Preserving
Cognition, Quality of Life, Physical Health and Functional Ability in Alzheimer’s Disease: The Effect of
Physical Exercise (ADEX) study’, har vi analyseret effekten af 16 ugers moderat til hgj intens fysisk traening i
patienter med AD pa kognitivt, funktionelt og molekylaert niveau. Den centrale hypotese af ADEX-studiet
var, at patienter med mild AD vil bedres kognitivt og @ge deres fysiske funktion ved en intervention pa 16
ugers moderat til hgj intensitet motion. Vi undersggte den underliggende molekylzaere forandring i fire

forskellige studier.

| STUDIE I undersggte vi virkningen af fysisk treening pa markgrer for AD patologi. Musse studier har vist, at
AP niveauer kan modificeres af fysisk traening. Vi analyserede forskellige AP varianter ved hjzelp af ELISA og
massesepektrometri. Ydermere analyserede vi, forskellige precursor proteiner af A for at se, om fysisk
traening kunne have en modulerende effekt hos patienter med AD. Vi fandt ingen effekt pa AP varianterne,
lange eller korte. Derudover var der ingen virkning pa precursor proteinerne for AB, hvilket indikerer, at

fysisk traening ikke modulerer AB aflejringer i hjerne hos patienter med AD.

| STUDIE Il undersggte vi virkningen af fysisk treening som synaptisk stabiliserende. Neuronalt tab er en
tidlig begivenhed i AD og opnaelse af en stabiliserende effekt pa neuron er meget eftertragtet. Vi
analyserede nye biomarkgrer relateret til AD. Det post-synaptiske protein neurogranin, den aksonalt-

relateret protein neurofilament light chain, det microglia-afledte protein YKL-40 og det calciumbindende



protein VILIP1. Alle markgrerne er ny markgrer, og er blevet sat i forbindelse med AD. Som i STUDIE | fandt

vi ingen effekt af fysisk traening pa de udvalgte biomarkgrer.

I STUDIE Ill undersggte vi effekten af fysisk traening pa markegrer for inflammation og celle stress, systemisk
og hjerne-relateret. @get inflammation er veldokumenteret i AD udvikling og AD risiko, og fysisk traening
har udviste en veldokumenteret evne til at &ndre systemisk inflammation hos kognitive raske personer. Vi
analyserede et pro-inflammatorisk panel i CSF og i plasma sammen med sTREM2 i CSF og 8-isoprostan i
plasma og CSF. Vi fandt en stabiliserende effekt af fysisk traening pa det pro-inflammatoriske cytokin IFNy in
APOE g4-baerere, en ggende effekt pa systemisk IL6 og i CSF sSTREM2-niveauer. Dette indikerede, at fysisk
traening maske en systemisk eendrende effekt pa inflammation hos patienter med AD, og denne effekt
maske kan overfgres til CNS. Studiet var som de gvrige studier eksploratorisk og ved korrektion for multiple

sammenligninger var de paviste a&endringer ikke laengere signifikante.

| STUDIE IV undersggte vi en post-hoc-analyse af APOE genets bidrag til treeningseffekten pa de primare og
sekundeere outcome punkter i ADEX-studiet. Menneske- og dyreforsgg har vist, at APOE €4-beerere ikke
alene er i gget risiko for at udvikle AD, men at &4 allelet ogsa er forbundet med nedsat fysisk funktion.
Resultaterne kunne pege pa, at APOE g4-beaerere rent faktisk har en gget effekt af fysisk traening end ikke-
baerere, hvilket indikerer en stor terapeutisk veerdi af fysisk treening hos mennesker med genetisk risiko for

at udvikle AD.

Pa trods af mange negative resultater, mener vi at motion og traening kan vaere en veerdifuld add-on til den
traditionelle farmakologisk behandling af AD, og fremtidige st@rre studier, der er specifikt rettet mod denne

problemstilling, bgr afklare dette.



Thesis at a glance

Study
|
Alzheimer’s disease
biomarkers — the
amyloidogenic

pathway

|
Markers of neuronal

dysfunction

m
Markers of

Neuroinflammation

v
The genetic
contribution — The

role of APOE

Question
Does 16 weeks of physical exercise
modulate the diagnostic markers of
Alzheimer’s disease in Cerebrospinal
fluid  (CSF) in

patients  with

Alzheimer’s disease?

Does 16 weeks of physical exercise

modulate  possible markers of
neuronal stability and dysfunction in
CSF in patients with Alzheimer’s
disease?

Does 16 weeks of physical exercise
modulate markers of inflammation in
CSF and plasma in patients with

Alzheimer’s disease?

Does the APOE genotype influence
the clinical outcome of the effect of
physical exercise in patients with
Alzheimer’s disease in relation to
function and

cognition, physical

executive function?

Method

ELISA analysis of beta amyloid species,

tau and phosphorylated tau. In
addition, Mass spectrometry analysis of

short beta amyloid species.

ELISA analysis of the proteins
neurogranin, neurofilament light chain,
visinin-like protein 1, and chitinase-3-
like protein 1.

and anti-

ELISA analysis of pro-

inflammatory proteins, soluble

triggering receptor expressed on

myeloid cells 2, and 8-isoprostane.

Post hoc analysis of the APOE &4
genotype effect clinical measures from
the ADEX study (cognition, physical

function etc.).

Findings
We found no effect on the diagnostic
markers of Alzheimer's disease beta

amyloid, tau or phosphorylated tau

We found no effect on the selected markers

neurogranin, neurofilament light chain,
visinin-like protein 1, and chitinase-3-like

protein 1

Physical exercise increased Interleukin-6 in
plasma and CSF sTREM2. In addition, in APOE
&4 carriers exercise had a stabilizing effect in
IFNy. However, changes were insignificant
when correcting for multiple comparisons

We found a genotype dependent effect on
walking speed and endurance, dual task,
neuropsychiatric symptoms, time-up-and-

go, and SDMT.

Conclusion

Physical exercise does not modulate
beta amyloid, tan and phosphorylated
tau in CSF in patient with Alzheimer’s
disease. Nor does it favor the
generation of non-aggregation prone
species.

Physical exercise does not modulate
neuronal

selected markers  of

instability.

Indication that physical exercise might
have a positive modulating effect on
markers of neuroinflammation in

patients with AD.

Indication that carriers of the APOE &4
allele benefit more from physical
exercise than non-carriers of the allele,
on measures of executive function,
physical function, and neuropsychiatric

symptoms.







Introduction

World-wide prevalence of dementia is increasing, affecting more than 80.000 people in Denmark alone[1].
Alzheimer’s disease (AD) is the most common disease, and accounts for over 50% of all cases of diagnosed
dementia. The American Alzheimer’s Association estimates that by 2050 every 1 in 85 people will be living

with the disease [2,3].

Symptoms of Alzheimer’s disease

The symptoms of AD are loss of memory and other cognitive skills, as well as loss of ability to perform
activities of daily living (ADL)[3]. AD is progressive, resulting in death within 4-8 years[4]. The pathological
process in AD is known, however the triggering factors and the order of events in the pathological cascade

are largely unknown.

Molecular pathology of Alzheimer’s disease

The pathological hallmarks of AD include extracellular aggregation and accumulation of the protein beta
amyloid (AB) into mainly senile plaques in the cortical grey matter, as well as the hyperphosphorylated
form of the protein tau accumulating inside the neurons as neurofibrillary tangles, leading to degeneration
of the neurons [5]. The degeneration starts in the hippocampus, and spreads in a predictable pattern

throughout the brain as the disease progresses, see figure 1 [6].

Figure 1. Alzheimer’s disease spread pattern in the brain. Neurodegeneration spreads in patterns throughout the brain
(blue shading) as the disease progresses from mild AD to severe AD. Picture adapted from National Institute of Ageing.

The accumulation of Af and phosphorylation of tau, can be measured in the cerebrospinal fluid (CSF), even
years before cognitive decline (see figure 2), and are used clinically as biomarkers alongside patient history

and neurological examinations [7-9].



Max & —— CSFAR,, - - _'___-—-—____.-:__;.:--“"'"
Amyloid PET - ’/,
— (5F tau /
—— MR + FDG PET
— Cognitive impairment
Farg .
T} Py . Dementia
=}
o
el
£
¥
2
2 3
g /’/ Normal
Min L—" " —— "

Figure 2. Model of dynamic biomarkers of the Alzheimer’s disease pathological cascade. Schematic model by
Jack et al., 2013, that describes the diagnostic value of biomarkers even years before onset of cognitive
complaint in patients with AD. AB: beta amyloid, FDG: fluorodeoxyglucose, MCI: mild cognitive impairment.
Picture adapted from [9].

Amyloid beta

The major component of the amyloid plaques seen in AD is beta amyloid peptide 40-42 amino acids (aa) long
referred to as AB. By proteolytic cleavage by y-secretase, A is derived from the protein amyloid precursor
protein (APP). This is called the amyloidogenic pathway, giving rise to a variety of A} peptides ranging
between 17-42aa [10-12]. APP can also undergo non-amyloidogenic processing by a-secretase, which

releases 13-16 aa-long soluble AP species that do not form plaques [13], see figure 3.
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Figure 3. APP cleavage pathway. APP processing thorught the amyloigogentic
or non-amylodogenic pathway. Picture adapted from [12]
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APP is expressed throughout the body and in the brain [14-16]. The biological function of APP has been
suggested to be axonal transport, cell adhesion, cholesterol metabolism and gene transcription [17].
However, what triggers the formation of the non-soluble toxic 40-42 aa peptide form, is unknown. Point
mutations and duplications of APP are causal for a subset of early onset of familial Alzheimer's disease (FAD)

[11], see more under genetic risks.

Accumulation of AP aggregates in the brain can be measured as reduced levels of AR in the cerebrospinal
fluid. This feature is used in the clinical diagnosis of AD, where a CSF concentration below 550 pg/mL (local

cut-off, may be higher in other clinics) of AB42 indicates AD, this however, cannot be used on its own.

Tau

The other pathological hallmark of AD is neurofibrillary tangles. A neurofibrillary tangle consists of the
hyperphosphorylated protein tau (p-tau) [18]. Tau protein belongs to the microtubule-associated protein
family, and functions as a structural stabilizing component of microtubules inside neurons [19]. In the
diseased state, tau is hyperphosphorylated by unknown events, resulting in it losing its stabilizing ability
and thereby leading to the formation of aggregates know as tangles [18]. In AD elevated CSF levels of tau

and p-tau are found [20].

Elevated tau levels are not specific to AD and are seen in other neurodegenerative diseases like frontal
temporal dementia (FTD) and Parkinson’s disease, and in other neurological disorder like traumatic brain

Injury [21,22]. Like A, tau and p-tau can be measured in CSF and are part of the clinical diagnosis of AD.

Risk of Alzheimer’s disease
Alzheimer’s disease is largely a sporadic disease, however, there are certain risk factors that increase the

risk for AD.

Age

The prevalence of AD increases significantly with age, and incident risk rapidly accelerates with age [23,24].
The longer we live the higher likelihood we have to develop a neurogenerative disease. The World’s
population is increasing in age, and more people live to be past 65 years, therefore the incidence of AD will
increase too [25]. Even though AD is a disease of the older adult, AD is also seen in people younger than 65
years of age, called early-onset AD (EOAD). EOAD accounts for 1-6% of all cases of AD, however 60 % of
EOAD cases have a positive family history of AD, and approximately 13% of EOAD cases have a known

genetic autosomal dominant inherited type [26].
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Genetic risks

Even though inherited cases of AD are rare, several genetic factors related to AD have been found. In this

section, the most relevant genetic risk factors for this thesis are described briefly.
Apolipoprotein E

The gene for apolipoprotein E (APOE) located on chromosome 19 has three common polymorphisms
named €2, €3 and €4. The risk of AD is associated with allele €4, with the €4 allele present in approximately
50% of patients who develop LOAD [27]. Having one or two copies of the &4 allele increases the risk of
LOAD 3- or 12-fold respectively. However, not all carriers of the €4 allele develop dementia, and many
carriers live well into their 90’s without symptoms of the disease [28]. APOE encodes the protein APOE,
which is a lipoprotein expressed in multiple organs, especially in the liver and brain [29]. APOE exists mainly
as a component of complexes of lipoproteins in plasma and CSF. The different alleles of APOE encode three
different polymorphic forms of the protein APOE2 (Cys-112, Cys-158), APOE3 (Cys-112, Arg-158) and APOE4
(Arg-112, Arg-158) [29]. The three different forms of the protein have been shown to have critical structural
importance for the proteins, their function, and to have influence on plasma levels of APOE [30]. It has
been suggested that APOE €4 genotype can lead to AD pathogenesis by several pathways: () Damage of
the vascular system in the brain, (ll) Initiation or acceleration of A-beta accumulation, aggregation, and

deposition in the brain, (Ill) impaired cholesterol transport, and (IV) increased neuroinflammation [31].

Triggering receptor expressed on myeloid cells 2 (TREM2)

Recent genetic studies have found rare variants of TREM2 as a risk factor for developing AD [32,33]. The
single nucleotide polymorphism (SNP) rs75932628-T, has been linked to higher levels of STREM2 in CSF and
higher risk of developing AD [34,35]. Studies in mice have shown that mutations on TREM?2 led to altered
microglia function in a model for AD [36].TREM2 is an immune receptor, expressed on the cell surface.
TREM?2 can be cleaved on the extracellular side by y-secretase, resulting in a soluble form of the protein
SsTREM2. This is seen with microglial activation and stress [37]. From mouse studies, It has been found that
SsTREMZ2 acts as a microglia activator through the Akt-GSK3[3-B-cetenin pathway [38]. The elevated levels
seen in AD, may be an acute survival response for the microglia. However, as AD progresses this microglia
over-activation might be more harmful than useful. In addition, STREM2 has been found to induce IL6
transcription in a mouse model [38]. A hypothesis could be that modulating the levels of STREM2 could be

an efficacious therapeutic approach to treat AD [38].
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Other disease-causing mutations
APP

There have been found 32 different missense mutation in APP. Most of the mutations are located within
the secretase cleavage sites in the transmembrane regions on exon 16 and 17. Mutations in the APP gene

account for 10-15% of Early onset familial AD (EOFAD) [39].
Presenilin 1 og 2 (PSEN1 and 2)

Both PSEN1 and 2, encode the homologue protein y-secretase, that is associated with the cleavage of APP
[39]. PSEN1 mutations account for far most of the cases of EOFAD (18-50%), where PSEN2 is much rarer

[39,40]. Both types of mutation have been reported to increase the AB42 to AB40 ratio [41].

Inflammation

Inflammation is an important part of the pathophysiology of Alzheimer’s disease (AD) [42,43], however,
the precise pathological mechanism behind the contribution of inflammation to the pathological
progression of the disease is largely unknown. Nonetheless, markers of inflammation that can be measured

in CSF and even plasma have the potential to aid in understanding the development of AD [44,45].

Both pro-inflammatory cytokines (e.g. IL-6) and anti-inflammatory cytokines (e.g. 1I-10, IL-18) have been
found relevant in AD. It is thought that the accumulation of AB plaque, induces prolonged stress activation
of microglia that can result in the development of a harmful (inflammation-promoting) increase in
cytokines, chemokines and reactive oxygen species (ROS) [46]. Previous studies have found altered
cytokine profiles in patients with AD. Increased levels of brain and blood levels of IL1, have been linked to
increasing AP formation [47,48]. Furthermore, increased levels of other members of the IL1 family have
been associated with increased AD risk [49]. In addition, have studies with treatments with the anti-

inflammatory cytokine IL4 have shown reduced AB accumulation in AD mouse models [50].

The pro-and anti-inflammatory cytokine IL6, has been associated with AD. Blood and CSF levels of IL6 have
been found to be increased in AD compared to cognitively healthy controls, and brain tissues from AD

patients shows that IL6 adhere to senile plaques [51,52].
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Metabolic aspects

Retrospective population studies have identified certain lifestyle factors that increase the risk of developing
AD later in life. Besides impaired metabolism homeostasis and lifestyle, low educational level [53], low

physical activity throughout life [54], and smoking [55] have been connected to the risk of developing AD.

Among metabolic changes that may be implicated in AD, several studies have found an association
between cognitive decline and dementia and diabetes, and even pre-diabetes[56]. Several mechanisms
have been proposed to explain the association between cognition and glucose control, however there is
still no consensus regarding the biological pathway [56,57]. A study indicates that an increase in
glycosylated hemoglobin (HbA1lc) over time, can lead to cognitive decline even in non-diabetic individuals
[57,58]. A proposed link between glucose metabolism and AD, is the enzyme insulin degrading enzyme
(IDE). As the name implies IDE is involved in insulin metabolism, however A has also been found to be a

substrate for degradation by IDE, thus linking AD and glucose [59].

In addition to insulin and glucose, cholesterol has been connected to AD risk, where high serum cholesterol
in midlife increases AD risk later in life [60,61]. This is further underlined by observational studies finding
that persons under 80 years taking statins or lipid lowering medicine, have reduced AD incidence, however
this finding has been questioned, and recent randomized trials has failed to find the same connection
[62,63]. The link between cholesterol and AD, has been proposed to involve the cleavage of APP. As
mention earlier, APP can undergo two pathway the amyloidogenic toxic pathway, and the favorable non-
amyloidogenic pathway [11]. In cultured cells, a reduction in medium cholesterol level, increases activity of
a-secretase, the non-amyloidogenic pathway [64]. In contrast lowering cholesterol from cell membrane,
decreases the activity of B-secretase, again favoring the non-amyloidogenic pathway [65], and in such a
way links cholesterol to AD via AB. The involvement of lipids/cholesterol is further underlined by the
findings that the APOE ¢4 genotype is also involved in sporadic late-onset AD [66]. It is established that
lipids are implicated in AD pathogenesis 1) by regulating the trafficking and/or proteolytic activity of
membrane-bound proteins involved in APP processing, and 2) by acting directly on AP and perhaps even
Tau, by affecting their ability to aggregate [66]. This action could be altered by APOE genotype, since APOE
is the major lipid-transporting molecule in the brain [67], and studies have shown a decrease in APOE levels

in blood and CSF in a dose-dependent manner with the genotype E4/E4 having the lowest amount [30,68].

Brain plasticity
Certain areas of our brain shrink as we age, especially areas connected to our memory have been found to

shrink 1-2% in volume per year in individuals over 50 years old [69]. These areas are further challenged in
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AD, where brain atrophy is accelerated due to neurodegeneration in similar regions. The ability of the brain
to generate and maintain synaptic networks throughout life is important, however plasticity is hard to
define, and even harder to measure. A possible way is to measure biomarkers in CSF as pseudo-markers for
synaptic stability and function, axon sprouting, and dendritic stability in the brain. New biomarkers have
shown promising results, among these the protein neurogranin. Reduced levels of neurogranin have been
found in AD patients’ brain specimens compared to controls [70,71], and further, increased levels of
neurogranin have been found in CSF from patients with AD compared to mild cognitive impaired (MCI) and
controls [72]. Neurogranin is a postsynaptic protein, involved in the regulation of available calmodulin and
calcium influx [73], and is thought to play a role in long term potentiation [74]. The reduced amount in
brain tissue in patients with AD, and the increased concentration in CSF could be due to extracellular
release as a result of AD-associated synaptic degradation. Another candidate marker, often investigated
alongside neurogranin is visinin-like protein-1 (VILIP1) another calcium regulating protein, and a biomarker
for neuronal cell death [75]. Other putative biomarkers suggested are the protein neurofilament light (NFL)
[76] and chitinase-3-like protein 1 (YKL40) [77]. Changes in NFL are not specific to AD, however NFL has
shown to be a sensitive marker of neuronal degradation [76]. Not much is, so far, known about YKL-40's
involvement in AD, however a study has proposed YKL-40 as a biomarker of prognostic potential in

preclinical AD [78].

Physical activity as a therapeutic approach

In this section PA is defined both as an active lifestyle (walking, leisure time activity etc.), and engaging in
exercise (participating in organised exercise like playing football, handball, running etc.). In animal studies, it
covers forced activity like a running wheel and subjective observed activity like engaging in its surroundings

in the cage.

Lately, due to failure of clinical trials of disease-modifying drugs for AD treatment, researchers and physicians
have turned their attention towards non-pharmacological approaches, including physical activity (PA), to
slow cognitive decline [79—-81]. Studies of PA in animal models for AD have shown improved cognitive
function and reduced AD pathology [82,83]. Furthermore in humans, retrospective epidemiological studies
of mid-life activity levels, have shown that higher PA level is associated with lower risk of developing
dementia [54] and in a population-based longitudinal study of older adults followed over 9 years,
participating in regular exercise was associated with lower odds of developing dementia [84]. In addition,
intervention studies have reported a positive effect on cognition of PA in patients at risk of developing AD

[85] and a beneficial effect in those already having clinical AD dementia (See table 1a).
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AP and physical activity

The brain AP load seems to be directly influenced by PA [86]. Brain levels of Ap measured in several studies
show a significant decrease (20-66%) in AD transgenic mice subjected to PA compared to sedentary control
mice[87]. Whether this reduction in A load is due to increased degradation of AP or decreased deposition
is still unknown. Studies suggest that the influence of PA on A load is to be found in the metabolic changes
of insulin and insulin degrading enzyme (IDE)[88]. IDE is found to have a proteolytic degrading effect on
AB, see figure 4 [89-92], and since PA has a reducing effect on insulin levels in CSF [93], it thereby may

generate more IDE available for degrading A.

IDE { {AB IDE'V’il iﬁ 1‘

A
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AB i

!DE has hvgho( afﬁmly for insulin, Increased insulin competes for IDE,
illustrated by binding *fit* reducing Al degredation.

Figure 4. Insulin and AP compete for IDE activity. Adated from [88]

Modulation of metabolism and physical activity

Other metabolic changes that may be implicated in AD, can be modulated by PA [58]. It is well known that
both glucose metabolism and cholesterol are modifiable by PA [94], and a general healthy life style has been
found to be protective of AD [95,96], even when adjusting for lifestyle factors (education, BMI, smoking)

normally connected to low PA.

One theory is that PA positively modulates the brain’s glucose uptake in areas of the brain that in AD display
hypometabolism [97], however the underlying pathology is unknown. Another theory concerns the findings
that the cholesterol lowering effect of statins, also reduces the risk of AD, as mentioned earlier. PA has the

same lowering effect on cholesterol [98], perhaps promoting the non-amyloidogenic pathway.
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Neuroplasticity and physical activity

In AD, brain plasticity is markedly reduced, resulting in loss of volume in specific parts of the brain relevant
for AD[99]. A study has shown that PA can increase hippocampal volume by 1-2%, reversing the age
dependent loss of volume [100]. Other studies have found that greater over all fitness levels positively relate

to greater white matter volume in patients with early stage AD [101].

In animal studies PA has been shown to enhance neuron-related growth factors and promote angiogenesis
in the brain [102—-105]. Studies in humans have also focused on promoting growth factors. Here, proteins like
brain derived neurotrophic factor (BNDF), and insulin like growth factors have been found to be upregulated

by PA in cognitively normal older adults [106].

Inflammation and physical activity

Systemic inflammation has been associated with accelerated cognitive decline and AD [107]. Inflammation,
which can impair growth factor signaling, exacerbates the metabolic syndrome, is reduced by exercise,
suggesting inflammation as a highly attractive target for prevention and arrest of AD progression [108]. In
addition, PA has been shown to have a positive modulatory effect on systemic inflammation by reducing pro-
inflammatory cytokines, increasing anti-inflammatory cytokines [109,110], and modulating reactive oxygen

species (ROS) [111].

Interventions with physical activity and Alzheimer’s disease

Physical activity as a non-pharmacological treatment has been proven beneficial to reduce the risk for
many diseases including stroke, high blood pressure and mental disorders like chronic stress and
depression [112]. However, compared to our understanding of PA’s impact on cardiovascular health and
general fitness, our knowledge of PA’s impact on cognitive health is still sparse. To explore the effect of PA
on cognitive function in patients with dementia and MCI, previous intervention studies have employed
various strategies. In table 1a, previous studies of intervention in patients with MCl or AD have been
summarized. In general, they have employed low intensity aerobic exercise (e.g. walking) with few
participants and relying on self-efficacy, and self-monitoring and reporting. Also, many studies were
performed in nursing-home residents with moderate to severe dementia. However, several studies have
found a positive effect on cognition. In relation to biomarkers, very few intervention studies have included
biomarkers in their assessment. In a systematic review, we have previously described and summarized the
biochemical findings from studies of intervention with PA in MCl and AD [113]. These are summarized in
table 1b. In general, the studies have been with few participants employing a low intensity PA intervention,

and most significant findings were in patients with MCI.
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Study N Population Exercise Duration Controls outcomes
Patients with MCI
tNascimento et al., 2014 67 Community dwelling N=35 (20 MCI) Aerobic exercise (moderate-to-high 16 weeks N=32 Improved cognition in MCI group
[114] Median MoCA: intensity) 3*60 min /week
MCI 20.5
cognitive normal
27
Suzuki et al., 2013 [115] 100  Community dwelling mean N=50 Aerobic exercise 2*90 min/week 24 weeks N=50 Increased MMSE in exercise group
MMSE: 27
Nagamatsu et al., 2012 [116] 86 Community dwelling women, 1) n=28 resistance training and 26 weeks N=28 balance and 1 and 2: improved reaction time in spatial memory
mean MMSE: 27 2) n=30 aerobic exercise 2*60 min/week tone test
1: improved Stroop test, improved associative
memory test. 2: improved verbal memory
tSegal et al., 2012 [117] 54 No mentioning of home N=26 (11 aMCl) Acute aerobic exercise (moderate-  Once N=28 Both groups improved picture recall
status to-high intensity) 6 min
Mean MMSE:
aMCl not reported
cognitive normal, not
reported
Varela et al., 2012 [118] 48 No mentioning of home 1) N=17 aerobic exercise (low intensity and 12 weeks N=15 recreational  No significant findings
Mean MMSE: 20 2) n=16 aerobic exercise (moderate intensity) 3*30 activity
min/week
£'Baker et al., 2010 [85] 33 No mentioning of home N=23 aerobic exercise 4*45-60 min/week 24 weeks N=10 stretching Improved SDMT, verbal fluency, Stroop and task
Mean MMSE: 28 switching in woman, improved Trail B in both
genders.
Van Uffelen et al., 2008 [119] 152 Community dwelling 1) N=71 aerobic exercise (low intensity) + dietary 52 weeks 1) N=75 with Improvement in attention (women), improvement in
mean MMSE: 29 supplementation dietary delayed recall (men)
2) n=78 aerobic exercise (low intensity) supplementation
2*60 min/week 2) n=74
#Lautenschlager et al., 2008 170 - N=85 stretching and strength training 3*50 24 weeks N=85 Increase ADAS-Cog, improved in delayed recall
[120] min/week
Scherder et al., 2005 [121] 43 Nursing home 1)N=15 aerobic exercise (low intensity) 6 weeks N=15 Increased category naming, increase trail A and B
MMSE range: 7-12 2) n=13 stretching training
3*30 min/week
Patients with AD
# Morris et al., 2017 [122] 65 Community dwelling N=32 aerobic exercise 150 minutes/week 26 weeks N=33 Stable effect on memory
mean CDR sum of boxes 3.55  distributed of 3-5 times
# Holthoff et al., 2015 [123] 30 Community dwelling mean N=15 aerobic exercise (low intensity) 12 weeks N=15 Improvement in activities of daily living. Stable in

MMSE: 20.6

3*30 min/week

executive function, word fluency reaction time,
attention. Controls group deteriorated in all
measures
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Cheng et al., 2014 [124] 110  Nursing home N=39 Aerobic exercise (low intensity) 3*60 12 weeks N=35 Both intervention groups: Slower decline in cognitive
Mean MMSE: min/week measures
control 18.8 + 4.1 Mahjong N=36 Cognitive activity (Mahjong) 3*60 min/week
19.0+3.2
Tai Chi 18.7 £ 3.9
Coelho et al., 2013 [125] 39 Community dwelling N=21 acute aerobic exercise (high intensity) 17-22 Once N=18 No findings reported
Mean MMSE: min (cognitive normal)
AD21.0+3.9
Controls 28.0 £ 2.5
Pedroso et al., 2011 [126] 21 Community dwelling mean N=10 aerobic exercise and dual task training 16 weeks N=11 Improvement in balance and executive function
MMSE intervention: 21.1, 3*60 min/week
controls: 19
#Vreugdenhil et al., 2012 40 Community dwelling MMSE N=20 aerobic exercise (low intensity) 16 weeks N=20 Increased MMSE, increased ADAS-Cog score
[127] range: 10-28
#Venturelli et al., 2011 [128] 21 Nursing home, N=12 aerobic exercise (low intensity) 4*30 24 weeks N=12 Control group slight decrease in MMSE
mean MMSE: 15 min/week
#Steinberg et al., 2009 [129] 27 Community dwelling MMSE N=14 aerobic exercise and strength training 12 weeks N=13 No significant findings
range: 15-20
tEggermont et al., 2009 [130] 97 Nursing home N=51 aerobic exercise (low intensity) 5*30 6 weeks N=46 No significant findings
Mean MMSE 17.7 min/week
£fAkishita et al., 2005 [131] 13 Nursing home women N=13 stretching and strength training 2*30 12 weeks - No significant findings
Mean MMSE: 13.9+1.9 min/week
Van de Winckel et al., 2004 25 Women Community dwelling N=15 aerobic exercise 7*30 min/week 12 weeks N=10 Improved MMSE and ‘“fluency’ ADS6
[132] mean MMSE 11
Mancuso et al., 2003 38 No mentioning of home N=38 Acute resistance training (increment 10-70%  Once - No findings reported

[133]

status

Mean MMSE:

AD 17.4+49
controls not reported

1RM)

Table 1a. Previous intervention studies of PA s in patients with MCl or AD. The cognitive findings are summarized here. For biochemical finings see table 1b. #

caregiver or self-monitoring. £ supervised exercise. ¥ no description of supervision. tBiochemical markers measured (table 1b)
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Study Outcome measures Results
Nascimento et al., 2014 Cognitive markers: MoCA Cognitive: MCI: I cognition
[114] Biomarkers (blood): BDNF, TNF-q, IL-6 Biomarkers: Both exercise groups: { TNF-a, {/IL-6
Cheng et al., 2014 Cognitive markers: MMSE, Call-recall, Categorical fluency, Digit span Cognitive
[124] Biomarkers (blood): Cholesterol, HDL, Tri-glycerides, Glucose both groups: Slower decline in cognitive measures
Genetic markers: APOE genotype Biomarkers: No results reported
Coelho et al., 2013 Cognitive markers: - Cognitive: None reported
[125] Biomarkers (blood): BDNF Biomarkers: Both groups 1"BDNF
Segal et al., 2012 Cognitive marker: IAPS Cognitive: Both groups 1 picture recall
[117] Biomarkers (saliva): alpha-amylase Biomarkers: 1 saliva alpha-amylase
Baker et al., 2010 Cognitive markers: SDMT, Verbal fluency, Trail B, Stroop, Task Cognitive: ?: 1 executive function, MNperformance in Stroop. Both groups: I performance in trail B
(85] switching, Story recall, List-Learning Biomarkers: ?: Plnsulin sensitivity, I nsulin, N Cortisol in control group, NBDNF. & {,Cortisol in

Biomarkers (blood): Insulin, IGF-1, Cortisol, BDNF, Platelet factor 4, controls group, { BDNF, PIGF-1. Both groups: | body fat, J total Cholesterol IVO,peak
Abyg,, Cholesterol.

Cardio markers: VO, peak

Eggermont et al., 2009 Cognitive markers: MMSE, Face recognition, Picture recognition, Cognitive: No significant results reported
[130] Delayed word call, Digit span backwards, Category fluency, Letter Biomarkers: No significant results reported
fluency

Genetic markers: APOE genotype

Akishita et al., 2005 [131] Cognitive markers: ADL, MMSE Cognitive: No change in MMSE, No change in ADL
Biomarkers (blood): Estradiol, Testosterone, DHEA, DHEA sulfate, Biomarkers: 1 Testosterone, P Estradiol, TN DHEA
Sex-hormone binding globulin

Mancuso et al., 2003 Cognitive markers: - Cognitive: Not studied

[133] Biomarkers (blood): COX, Lactate Biomarkers: 1 Lactate, | Lactate recovery after exercise, |, COX activity
- -~ - -~ -~ -"-"- - - -~ - -~~~ -~~~ - -~ -~~~ - " |

Table 1b. Results from a systematic review of interventions of exercise in patients with dementia. Adapted from [113]. ADL: Activities of Daily Living, DHEA:
Dehydroepiadrosterone, AD: Alzheimer’s disease, aMCl: amnestic mild cognitive impairment, MCl: mild cognitive impairment, IGF-1: Insulin-like growth factor 1,
BDNF: Brain-derived neurotrophic factor, Ab40+42: beta-amyloid isoform 40 and 42, VO2 peak: peak oxygen uptake, HRR: Heart rate reserve, ?: women, &': men,
MMSE: mini-mental state examination, HDL: high-density lipoprotein. COX: Cytochrome c oxidase, MoCA: Montreal Cognitive Assessment, TNF-a: tumor necrosis
factor alpha, IL-6: Interleukin-6, IPAS: International Affective Picture Set, 1 : increase, |, decrease, ': Diagnosed according to international guidelines, ¥: non-
diagnosed or not mentioned, ¢: Supervised by caregiver, healthcare worker or not mentioned, ¢: supervised by trainer or physiotherapist, #: given as mean (SD).



Preserving Cognition, Quality of Life, Physical Health and Functional Ability in Alzheimer’s Disease:
The Effect of Physical Exercise (ADEX) study

The projects which this thesis is part of is a multicenter, single-blinded randomized controlled trial. In an
effort to arrest the decline in cognitive function and loss of activities of daily living, a non-pharmacological
approach has been investigated. In the ADEX study we analyzed the effect of 16 weeks moderate-to-high
intensity physical organized and monitored exercise in patients with AD on a cognitive [134], functional
[135] and molecular level [136]. The main study was conducted between January 2012 to June 2014, with
participation from eight memory clinics in Denmark (Aarhus, Aalborg, Odense, Svendborg, Slagelse,

Glostrup, Roskilde and Copenhagen).

The ADEX study was inspired by the study by Baker et al., 2010 [85] where patients with MCl were
investigated. In the ADEX study, a similar design with moderate-to-high-intensity supervised exercise was
applied to community-dwelling patients with mild AD. At that time, similar studies had not been
performed, and as described above, evidence came largely from smaller studies in nursing-home residents

or studies with unsupervised low-intensity exercise, or intensity was not monitored.

The central hypothesis of the ADEX study was that patients with mild AD would benefit on cognition,
physical function and executive function by an intervention of 16 weeks of moderate-to-high intensity
physical exercise. This was assessed by a comprehensive battery of tests on cognition, physical function,
and neuropsychiatric symptoms. Further, all participants gave blood before and after intervention for
biochemical analysis. In addition, a subgroup of participants from three out of the eight memory clinics was
subjected to further brain imaging with amyloid PET scan and MRI and gave a CSF sample by lumbar

puncture before and after the intervention.

The exercise intervention investigated here was an aerobic one-hour session three times a week for 16
weeks on non-consecutive days. It consisted of three times 10 minutes of moderate-to-high intensity
exercise burst on either treadmills, stationary bikes or cross trainers. All sessions were supervised by 1-2
experienced physical therapist, and portable heart rate monitors were used to ensure sufficient exercise
intensity. The control group received treatment as usual given by their respective clinic and carried on their
normal activity levels. There was no control of the physical activity levels of patients in the control group, as
monitoring of physical activity outside the exercise sessions in both groups was not possible due to lack of
resources. The inclusion/exclusion criteria clearly stated however, that only patients not enrolled or

participating in previous or on-going exercise regimes or structured physical exercise could be included.
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Participants exercised in groups of 4-6 participants with 1-2 physical therapists as trainers and for
motivation to ensure adherence and engagement in the exercise. At baseline and after 16 weeks of
intervention, all participants were tested on 1) cognition and executive function, including activities of daily
living by trained testers, and 2) physical function by physiotherapist. All testing was done blinded for

intervention for the evaluating tester/physiotherapist.

Symbol Digit Modalities Test (SDMT) was chosen as primary outcome because it has been proven most
sensitive to very early changes in executive function in AD [137] and executive function has been
considered particular sensitive for modulation by PA [138-140]. In addition, other cognitive tests, including
other tests of executive function, psychiatric status and activity of daily living and quality of life were
included. To assess physical function various tests to analyze walking speed, balance, and strength were

applied [135].

Cognitive and physical findings in ADEX

In the ADEX study the cognitive, and physical outcomes have been reported in two previous PhD theses.
The findings from the two previous theses covering the cognitive and physical findings are shortly described

here.

Cognitive outcomes

Overall the cognitive findings in the ADEX study were negative. In the primary outcome SDMT, there was no
significant change in score before and after intervention, however a trend for a beneficial stabilizing effect
of exercise was seen [134]. Additionally, there was no change in the secondary cognitive measures
(including Mini Mental State Examination and ADAS-Cog verbal memory score). However, in the secondary
outcome Neuropsychiatric inventory (NPI) there was a significant change in score in favor of the exercise
group. In a further analysis in a per protocol manner, where only participants who adhered to 2/3 of the
exercise sessions and with a mean intensity of over 70% of maximal heart rate, a significant difference in
the primary outcome SDMT in favor of the exercise group was found with a stabilizing effect, where the
controls declined over the intervention period. Further, in this analysis NPl was still significantly improved

in the exercise group [134].

Physical outcomes

In the intention-to-treat population, aerobic exercise improved an estimated measure of cardiorespiratory
fitness (using the Astrand test) and exercise self-efficacy in patients with AD [141]. Further, in a group

attending at least 2/3 of the sessions for 16 weeks, single-task physical performance and dual-task
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performance was positively affected in the exercise group [141]. Also, in a subset of subjects investigated
with state-of-the-art cardiorespiratory fitness (VO,peak) measurements, changes in cardiorespiratory
fitness (VOpeak) appeared to be associated to changes in cognition and neuropsychiatric symptoms, such
that increased cardiorespiratory fitness was associated with both improved performance on the SDMT, and

less neuropsychiatric symptoms [142].

Aims and Hypotheses

The use of PA as a therapeutic approach for AD and other dementias is an attractive add-on to conventional
medical treatment with a potential positive effect on cognition [143]. The underlying effect is however
largely unknown [113], and more attention must be paid to the molecular mechanism in order to
understand and optimize this type of treatment. Therefore, we sought to elucidate the molecular effects of

PAin AD.

The key to this project was to find biomarkers that can be measured in CSF and/or blood, and that are
thought to be affected by AD and influenced by 16 weeks of PA. Each study has its own specific share of the
pathological process in AD. Figure 5 shows a graphic representation of the focus areas investigated in this

PhD.

Study I: Alzheimer’s disease biomarkers — the amyloidogenic pathway

This study aimed to investigate the potential of physical exercise to reduce cerebral AB. Our hypothesis was
that moderate-to-high intensity PA would increase the CSF levels of SAPPa and less aggregation prone AP
species and reduce CSF markers of neurodegeneration (t-tau and p-tau) in patients with clinically diagnosed

mild AD.

Study Il: Markers of neuronal dysfunction

This study aimed to investigate the potential of physical exercise to modulate downstream molecular
processes in synapses that potentially could be influenced by AD. We hypothesized that the concentrations
of markers of neuronal and synaptic damage and astroglial activation would decrease in CSF in patients

with AD as an effect of moderate-to-high intensity PA.

Study lll: Markers of Neuroinflammation

This study aimed to investigate the potential of physical exercise to modulate inflammation markers in the

brain measured in CSF. We hypothesized that PA would have an upregulating effect on anti-inflammatory
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cytokines, and down-regulating effect on pro-inflammatory cytokines. Further, that PA exhibited
modaulating effects on markers of microglia activation and ROS, measured via STREM?2 and 8-isoprostane

respectively.

Study IV: The genetic contribution — The role of APOE

In this post hoc analysis of the previously published ADEX results, we aimed to investigate the if the
significant improvements in cognitive (SDMT) and physical outcomes were dependent on the patients’
APOE genotype. We hypothesize that carriers of the APOE €4 allele would benefit more from exercise, in

areas of cognition and physical performance than non-carriers of the allele.

stress

Environment
STREM2
Brain plasticity
synapse -
gty , The brain

glucose

insulin

Figure 5. Project focus area. All projects derive from different pathological mechanisms seen in AD. The three main
projects are indicated in blue 1) the brain plascity, in green 2) the enviroment in the brain, and lastly in grey 3) the APOE
effect, here systemically. The last focus area, here in yellow, the metabolism has not yet resulted in published papers that
are included in the thesis, however future perspectives on this focus area are touched upon in the section ‘what have we
learned and what is the next step’.
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Methods and Materials

Study population

The study population has been described in detail in [134]. Six-hundred and eight patients seen in eight
memory clinics around Denmark, were screened for eligibility. Four-hundred and eight were rejected due
to either lack of willingness to participate, they did not meet the inclusion criteria for the study (for details
of inclusion and exclusion criteria and methods, see [144]), or for other reasons [134]. A total of two-
hundred community-dwelling patients with clinically diagnosed mild AD according to NINCDS-ADRDA
criteria [145] and a MMSE >20 were included and randomized to either a control group with treatment as
usual or a 16 weeks of moderate-to-high intensity physical exercise group, figure 6 displays a schematic
overview of inclusion. All participating subjects donated a blood sample before and after intervention and
were tested at baseline and at 16-week follow-up with a comprehensive battery of tests of cognitive

function, Activities of Daily Function, Quality of Life, physical activity and neuropsychiatric symptoms.

From the 200 participating subjects, a subgroup of 56 subjects recruited from three out of eight centers,

had an additionally lumbar puncture performed to collect CSF samples before and after intervention

’ Assessed for eligibility (n=608) ‘

Excluded (n=408)

* Not meeting the inclusion criteria (n=104)
Declined to participate (n=107)
Other reasons (n=197)

Randomized to participate in study (n=200)

Allocated to exercise group Allocation to groups and Allocated to control group
(n=107) baseline measurements (n=93)

l

it
1

Completed 16 weeks of intervention (n=102)

« 1 familyillness
* 3 medicalillness
* 1declined participation

Lost to follow up (n=5)

16-week follow up
measurements

Completed 16 weeks of intervention (n=88)

Lost to follow up (n=5)

+ Dementia progression
¢ 2 medicalillness
1 declined to participation

Figure 6 Enroliment flow chart in the ADEX study. A total of 608 patients were assessed for eligibility, and a total for
200 was found suitable and agreed to participate. Patients were randomized to either the controls group (n=93), og
the exercise group (n=102), and baseline measures were recorded. After 16 weeks of intervention with either the
exercise regime, of treatment at normal (control group), patients were tested again. A total of 102 patients completed

the exercise intervention, and 88 controls participated in the follow up tests after 16 weeks.
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Exercise regime

The physical exercise intervention used in this study was an aerobic exercise program consisting of three
weekly sessions of one-hour group session of 2-5 participants on non-consecutive days, supervised by an
experienced physiotherapist. The first four weeks of exercise consisted of an adaption period, and during
the subsequent 12 weeks participants performed aerobic exercise of moderate-to-high intensity. In each
session a total 3*10 minute was performed on an ergometer bicycle, cross trainer and treadmill with 2-5
min rest in between. Heart Rate (HR) was monitored during aerobic exercise, including the rest intervals.
Target intensity was 70-80% of maximal HR (220 minus participants age). For participants in treatment with
betablockers, the Borg scale of Perceived exertion was used to ensure intended exercise intensity. The

target measurement was where the participant could not speak comfortably [146].

The participants assigned to the control group received treatment as usual. The physical activity of the

control group was not monitored due to lack of funding /resources.

A subgroup of patients who attended 2/3 or more exercise sessions AND exercised with an intensity of 70%

or more of maximal heart rate, was categorized as ‘high exercise group’.

Samples

Blood samples were collected form all participants at baseline and 16-week follow up. Three different types
of vials were collected. One vial for serum samples, two EDTA vials, one for plasma and buffycoat (white
blood cells) and one for full blood. Finally, one lithium heparin for plasma samples. After collection, the
blood samples were centrifuged at 2000 g at 4°C and aliquoted in to 250 pL aliquots in cryotubes, within

two hours of collection, and frozen at -80C pending analysis.

CSF was collected from a total of 56 subjects, before and after intervention. CSF was obtained by lumbar
puncture between 9 a.m. and 2 p.m. and collected in polypropylene tubes. The mean delay from last days
of intervention to lumbar puncture was 5.2 (3.7 SD) days for the exercise group and 6.2 (5.4 SD) days for

the control group. After collection, the CSF samples were centrifuged at 2000 g at 4°C and aliquoted in to

250 pl aliquots in cryotubes, within two hours of collection, and frozen at -80C pending analysis.

Statistics

The baseline characteristics were compared between the two groups using t-tests. The baseline and follow
up concentrations of the investigated protein/peptides were analyzed using paired t-test within each group
respectively, and the mean relative change from baseline in biomarker concentrations was analyzed by

Student’s t-test. These analyses were done both as an intention to treat (ITT) analysis where all participants
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were analyzed, and as a per-protocol analysis where only the subjects that exercised with a mean intensity
of > 70% of maximal heart rate (HR) and attended > 75% of the sessions (high exercise subjects), were
included [134,144]. Furthermore, the APOE genotype contribution to the effect on the biomarkers was
analyzed in non-carries versus carriers of the AD risk relevant €4 allele. The significance level was set to

0.05.
Concentration change calculations

The changes in concentration of the measured biomarkers, were presented as relative change from

baseline and calculated as

[Follow up]—[Baseline]
[Baseline]

* 100 = relative change from baseline

This calculation was used to take into account marginal levels at baseline (very low or very high levels).
Further, it gives more emphasis on small changes in individuals with smaller baseline levels, than small
changes in individuals with higher baseline levels. As a result, relative change from baseline < 0, equals
lower concentration at follow up. Relative change from baseline = 0, equals no difference concentration at

follow up compared to baseline. Relative change from baseline > 0, equals higher concentration at follow

up.

Multiple comparison analyses

Due to the exploratory nature of the four studies included in this thesis, multiple analytes have been
measured and analyzed. This increased the chance of false positive findings [147]. Although this was not
addressed in the publications, in this thesis false positive findings were evaluated by applying the False

Discovery Rate by Benjamini-Hochberg with a rate of 0.05.
Methods
Study I: Alzheimer’s disease biomarkers —the amyloidogenic pathway

All measures were done in CSF in in technical duplicates. All measurements per assay were performed in

one round of experiments using one batch of reagents with double blinded samples.

AP Triplex (AB38, Ap40 and Ap42): Concentrations of AB38, AB40 and AB42 were measured using V-plex
Peptide Panel 1 Kits AB38, AB40, AB42 (Meso Scale Discovery system, Rockville, MD, USA) according to the

manufacturer’s protocol. In short, 60 pL of CSF was diluted 2-fold in diluent provided with the kit and
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calibrators and controls were prepared according to protocol. On a pre-coated 96 well MSD plates, 25 L of
sample, calibrator or controls were added followed by addition of 25 uL of detection antibody and
incubated at room temperature for two hours. Lastly, the plates were washed in washing buffer provided

with the kit and read in an MSD imager at relevant wavelength.

Total-tau: Total-tau was measured by the hTAU Ag ELISA assay (INNOTEST, Fujirebio, Japan) according to
the manufacturer’s protocol. In short, to an anti-human tau antibody pre-coated 96 well microtiter plate 25
uL samples, controls and standards ranging from 50-2500 pg/mL were added followed by incubation with a
biotinylated detection antibody to tau followed by peroxidase-conjugated streptavidin. The reaction was
developed with tetramethyl benzidine (TMB) chromogen solution and stopped with 0.9M sulfuric acid. The

plate was quantified at 450 nm in a microplate reader.

Phosphorylated tau: Tau phosphorylated at amino acid 181 (p-tau) was measured by the PHOSPHO-TAU
(181p) ELISA assay (INNOTEST, Fujirebio, Japan) according to manufacturer’s protocol. In short, on an anti-
human p-tau antibody pre-coated 96 wells microtiter plate 75 pL samples, controls and standards ranging
from 15.6-1000 pg/mL were added followed by incubation with a biotinylated detection antibody to p-tau
and addition of peroxidase-conjugated streptavidin. The reaction was developed with TMB chromogen
solution, and subsequently stopped with 0.9M sulfuric acid. The plate was quantified at 450 nmin a

microplate reader.

Immunoprecipitation mass spectrometry of Af: Immunoprecipitation mass spectrometry (IP-MS) of the full
spectrum of AP forms present in CSF was performed as previously described [148]. In short, four ug of the
AB-specific antibodies 6E10 and 4G8 (epitope in the N-terminal region and epitope 18-22, respectively,
Signet Laboratories, Inc., Dedham, MA, USA) were separately added to 25 uL Dynabeads M-280 (Dynal).
The IPs was conducted on 940 uL CSF, with 10 pL 2.5% Tween-20 (Bio-Rad Laboratories Inc). The beads/CSF
solution (total volume 1 mL) was transferred to a KingFisher magnetic particle processor (polypropylene
tubes, Thermo Scientific) for washing and elution in a 5-step procedure. The collected supernatant was

dried in a vacuum centrifuge and re-dissolved in 5 pL 0.1% formic acid in 20% acetonitrile.

The samples were analyzed by MALDI TOF/TOF operating in reflector mode. FlexAnalysis (version 3.3,
Bruker Daltonics) was used for automated integration of the peaks for each spectrum. Prior to the
statistical analysis, the peak areas were normalized to the sum of the integrated peaks, and the relative
changes compared to baseline values were calculated. All solvents used were of HPLC quality. The AB

species measured by this method: 1-14 aa, 1-15 aa, 1-16 aa, 1-17 aa, 1-19 aa, 1-20 aa, 11-40 aa, 1-28 aa, 1-
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30 aa, 1-33 aa, 1-34 aa, 1-37 aa, 1-38 aa, 1-39 aa, 1-40 aa, 1-42 aa. The cut between ‘long’ and ‘short’

species, are between aa 16 and 17.

Soluble amyloid precursor protein alpha and beta: sAPPa and sAPP were measured using Human sAPPa
and Human sAPPJ kits, respectively (IBL, Japan) according to the manufacturer’s protocol. In short, 100 pL
of 1:40 diluted CSF, controls and standards were added to wells of anti-human sAPPo. or sAPPf3 antibody
pre-coated microtiter plates and incubated over night at 4°C. Following incubation, 100 puL HRP-conjugated
detection antibody was added to the wells. The reaction was developed with TMB chromogen solution, and

subsequently stopped with 1M sulfuric acid. The plate was quantified at 450 nm in a microplate reader.

Apolipoprotein E genotyping: DNA was isolated with Promega Maxwell DNA purification kits (Promega, WI,
USA), according to the manufacturer’s protocol from 250 ulL of buffy coat from 6 mL EDTA vials. ApoE
genotyping for the €2, £€3,and ¢4 alleles was performed with a TagMan gPCR assay as described by Koch et
al., 2002, and allel distribution calculated on the basis of probe florescence intensity by the program CFX

manager (Bio-rad, CA, USA) [149]. In short, two reactions for each genotyping was set up.

1) SNP-rs429358 (334T/C). Primer set (conc. 1 uM): 334TC-Forward: 5-GGGCACGGCTGTCCAA-3’, 334TC
Reverse: 5'-ACCTCGCCGCGGTACTG-3'. And probe set (conc. 1 uM): 334T-Probe: 5’-FAM-
CGGCCGCACACGTCCTCC-TAMRA-3’, 334C-Probe: 5’-JOE-CGGCCGCGCACGTCCT-TAMRA-3’. For one reaction
was used: 11 pl of TagMan master mix (cat. 4304437, Invitrogen), 1.65 pl of each primer, 0.55 pl of each

probe, 4.6 pl H20 and 2 pl of purified genomic DNA.

2) NSP-rs7412 (472C/T). Primer set (conc. 2 uM): 472CT-Forward: 5’-CTGCGCAAGCTGCGTAAG-3’, 472CT-
Forward: 5'-GCCCCGGCCTGGTACA-3’. And probe set (conc. 2 uM): 472C-Probe: 5’-FAM-
CCTGCAGAAGCGCCTGGCA-TAMRA-3’, 472T-Probe: 5’-JOE-TGACCTGCAGAAGTGCCTGGCA-TAMRA-3'. For
one reaction was used: 11 ul of TagMan master mix (cat. 4304437, Invitrogen), 3.3 ul of each primer, 0.55

pl of each probe, 2 ul H20 and 2 pl of purified genomic DNA.

The reaction was run with the program 50 C for 2 min, 95C for 10 min and 40 *(95C for 15 sec, 60C for 60)

sec with a read at appropriate wavelength after each cycle.

Study II: Markers of neuronal dysfunction

All measures were done in CSF in in technical duplicates. All measurements per assay were performed in

one round of experiments using one batch of reagents with double blinded samples.
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Neurogranin (NG): NG concentration was measured using a previously published in-house Meso Scale
Discovery assay as published in Kvarstberg et al., 2011 and De Vos et al., 2015 [150,151]. In short, a 96 well
QUCIKPLEX microtitter plates (MSD, Rockville, MD, USA) was coated with Ng7 antibody diluted in PBS over
night at room temperature. Following, the plates was blocked with MSD blocking solution A (MSD), and
washed in PBS. To the plates 50 ul of samples, controls and standards ranging from 31.3-4000 pg/mL was
added in addition to 50 ul/well of primary antibody (ab23570, Upstate Biotechnology, NY, USA). After
washing a MSD detection Antibody (Goat anti-rabbit sulfotag, MSD) was added, and the plate was lastly
read with MSD Read Buffer T with surfactant in a QUICKPLEX SQ 120 reader (MSD).

Visinin-like protein 1 (VILIP1): Vilip-1 was measured using Human VILIP-1 ELISA (BioVendor GmbH,
Heidelberg Germany) by following the manufactures protocol. In short, to an anti-human VILIP-1 antibody
pre-coated 96 well microtiter plate 100 plL 1:3 diluted samples, controls and standards ranging from 100-
5000 pg/mL were added followed by incubation with a biotinylated detection antibody to VILIP-1 followed
by peroxidase-conjugated streptavidin. The reaction was developed with TMB chromogen solution and

stopped with stop reagent included in the kit. The plate was quantified at 450 nm in a microplate reader.

Neurofilament light chain (NFL): NFL concentration was measured using NF-light ELISA kit (IBL international,
Hamburg, Germany) by following the manufactures protocol. In short, to an anti-human NFL antibody pre-
coated 96 well microtiter plate 100 uL samples, controls and standards ranging from 100-10000 pg/mL
were added followed by incubation with a biotinylated detection antibody to NFL followed by peroxidase-
conjugated streptavidin. The reaction was developed with TMB chromogen solution and stopped with stop

reagent included in the kit. The plate was quantified at 450 nm in a microplate reader.

Chitinase 3-like 1 (YKL40): YKL40 concentration was measures by using Quantikine ELISA Human Chitinase
3-like 1 (R&D systems, MN, USA) by following the manufactures protocol. In short, to an anti-human CHI3L1
antibody pre-coated 96 well microtiter plate 100 pL 1:100 diluted samples, controls and standards ranging
from 62.5-4000 pg/mL were added, followed by incubation with a horseradish peroxidase conjugated
detection antibody to CHI3L1. The reaction was developed with TMB chromogen solution with hydrogen

peroxide and stopped with 2N Sulfuric acid. The plate was quantified at 450 nm in a microplate reader.

Study Ill: Markers of Neuroinflammation

All measures were done in plasma and CSF, or CSF alone (STREM2) in technical duplicates. All
measurements per assay, except 8-isoprostane, were performed in one round of experiments using one

batch of reagents with double blinded samples.
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Cytokines: Concentration of selected cytokine was measures using the MSD v-plex proinflammation panel 1
human (Meso Scale Discovery, MA, USA), by following the manufacture protocol. In short, to a precoated
10-spot MSD 96 well microtitter plate 50 puL samples, controls and standards (ranging from IFN-y: 0.37-938
pg/mL. IL-1B: 0.05-375 pg/mL. IL-2: 0.09-938 pg/mL. IL-4: 0.02-158 pg/mL. IL-6: 0.06-488 pg/mL. IL-8:
0.07-375 pg/mL. IL-10: 0.04-233 pg/mL. IL-12p70: 0.11-315 pg/mL. IL-13: 0.24-353 pg/mL. TNF-a: 0.04—
248 pg/mL) were added followed by incubation with detection antibodies (Meso Scale Discovery, MA, USA),
and the plate was lastly read with MSD Read Buffer T in a QUICKPLEX SQ 120 reader (MSD).

8-isoprostane: 8-isoprostane concentration was measures using 8-isoprostane ELISA kit (Cayman Chemicals,
Ml, USA) by following the manufacturers protocol. In short, to a precoated 96 well plates microtitter plate,
50 ul of sample, controls or standard ranging from 0.8-500 pg/mL was added, followed by incubation with
tracer and antiserum solution (Cayman Chemicals, MI, USA). After, incubated with Ellemans reagent and

tracer dye (Cayman Chemicals, MlI, USA). The plate was quantified at 405-420 nm in a microplate reader.

STREMZ2: sTREM2 concentration was measured with an in-house MSD assay. In short, a 96-well plate coated
with streptavidin (Meso-Scale discovery (MSD) was incubated with biotinylated polyclonal goat anti-human
TREM2 capture antibody (0.25 ug/ml R&D Systems BAF1828), and subsequently incubated with the CSF or
standard solution constructed from recombinant human TREM2 protein ranging from 62.5-4000 pg/ml Sino
Biological Inc. 11084-H0O8H). followed by addition of monoclonal mouse anti-human TREM2 detector
antibody, (1ug/ml Santa Cruz Biotechnology; B-3, sc373828), and thereafter incubated with a secondary
antibody (SULFO-TAG—-labeled anti-mouse secondary antibody, MSD). Lastly, the plates were developed by
adding MSD Read buffer and the light emission measured using the MSD SECTOR Imager 6000.

TREM?2 genotype SNP rs75932628-T: TREM2 genotype for SNP rs75932628-T was analyzed using TagMan
assay (TagMan SNP assay MTO human SMC_100657057_10, Life Technologies, CA, USA). In short, the
reaction was set op with Primer and Probe provided with the kit. To each reaction 12.5 ulL of TagMan
master mix (Invitrogen), 1.5 pL assay stock (primer and probes, Life Technologies, CA, USA), 3.7 uL H20 and
7.5 purified DNA (concentration 30-100 ng). The reaction was run with the program 95C for 10 min and 40

*(95C for 15 sec., 60C for 60) sec with a read at appropriate wavelength after each cycle.

Study IV: The genetic contribution — The role of APOE

In this study a post hoc analysis was applied to the outcomes of the ADEX study previously published

[134,135,141,144], where outcomes were investigated based on APOE genotype
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APOE genotype — all participants: The remaining participants who did not have their genotyped assayed in

study I, was genotyped, as described in study I.

Outcomes
The following tests were chosen a priori representing cognitive, neuropsychiatric and physical function on

the ground that they showed significant changes following exercise in previous ADEX publications

[134,135,141,144]:

Symbol Digit Modalities Test (SDMT): To assess mental speed and attention, we used SDMT, a number and
symbol decoding test. Participants were asked to correctly decode several lines of symbols. Outcome

measure total number of correct decodings in 120 seconds.

Neuropsychiatric inventory (NPI): To assess behavioral and psychological symptoms, as evaluated by
caregivers, we applied NPI. NPI is a caregiver-rated 12-point questionnaire assessing twelve different
behavioral and psychological symptoms common in AD. The caregiver rated each symptom according to

frequency and severity.

Timed-Up-and-Go test (TUG): TUG test assesses basic mobility by measuring the time it takes for a person to
stand up from a chair, walk 3 meters, cross a line, turn around, and walk back to the chair and sit down.

Outcome measure seconds.

Timed 10-meter walk test: To assess gait speed, we applied the 10-meter walk test. Participant walk as fast

as possible on a 10-meter long course. Outcome measure meter/seconds.

Timed 400-meter walk test: To assess walking endurance, we applied the 400-meter walk test. Participant
were asked to walk as fast as possible 400 meters on a 20-meter long course marked with coloured cones.

Outcome measure meter/seconds.

Maximal oxygen uptake (VO2 max): As an estimate of fitness Vo2max was calculated by the Astrand Cycle
Ergometer test [152]. Calculated based on the workload and average heart rate during the last minute of a

6-minutte cycle test and corrected for age and body weight. Outcome measure ml/kg/min.

Beyond the tests described above the following secondary outcomes of the ADEX trial were not included in

the analysis because they did not show significant changes with exercise in the original publications:
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Mini mental state examination (MMSE) assessing global cognitive function. Stroop test assessing executive
function. Alzheimer’s disease assessment scale — cognitive subscale (ADAS-Cog) verbal memory test
assessing memory function. Verbal fluency — letter and category task assessing lexical and categorical
fluency; The physical activity scale for elderly (PASE) caregiver rated questionnaire assessing the level of
physical activity; The European Quality of life-5 dimensions (EQ-5D) scale - questionnaire assessed by both
caregiver and patient relating to health related quality of life; The Alzheimer’s Disease Co-operative Study —
activities of daily living /ADCS-ADL) scale assessing (by caregiver) competences of basic (dressing, easting,
bathing) and instrumental (reading books, go shopping, cooking) activities of daily living; Hamilton
Depression rating scale 17 items (HAMD-17) assessing severity of depression symptoms; Thirty-second
chair stand test (STS) assessing lower-limb and endurance. Walk-talk test counting backwards while walking

assessing dual-task performance; A detailed description of the tests is given in [144].
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Summary of results
The results from the papers included in the thesis are summarized in this section.

Study cohort

Baseline characteristics in the control group, exercise group, and high exercise subgroup were comparable
at baseline, as shown in Table 2. Body Mass Index (BMI) was slightly, but significantly higher in controls
versus exercise group, and disease duration in the high exercise group was slightly shorter as compared to
the control group. Table 2B displays the baseline characteristics of the subgroups with CSF samples and in

these sub-groups, no differences were found between controls and exercise subjects.

Table 2 Controls Exercise p-value® High exercise p-value®
A) Whole group (n=92) (n=106) (n=66)

Age, years® 71.4(7.3) 69.9 (7.5) 0.14% 70.2 (7.5) 031%
Gender, n 0.13% 0.41%
males 57 56 34

females 35 50 32

Characteristics

Disease duration, years from diagnosis¥*  1.25(1.0) 1.01(1.0) 0.1 0.94 (0.9) 0.05 "%
MMSE¥ 24.15 (3.9) 23.8 (3.4) 0.54% 24.1 (3.3) 0.96 "
Education, years* 11.84(2.8) 11.9(2.7) 0.84* 12.20(2.7) 0.42*%
Weight, kg* 71.35 (12.1) 73.0 (13.5) 036" 72.5 (13.8) 0.18*
Height, cm* 172.02 (8.9) 170.2 (9.1) 0.15*% 170.08 (9.2) 0.18*
BMI* 24.08 (3.6) 25.2 (4.0) 0.04*# 23.03 (4.0) 0.12%
APOE ¢4 alleles, n 0.35% 0.22%
0 21 34 19

1 45 45 26

2 26 27 21

B) CSF subgroup (n=29) (n=29) (n=19)

Age, years¥ 68.83 (8.0) 68.83 (6.7) 0.83* 68.56 (7.0) 0.91*
Gender, n 0.17% 0.36"
Males 21 16 11

Females 8 13 8

Characteristics

Disease duration, years from diagnosis* 1.52 (1.1) 1.03 (0.9) 0.07% 1.16 (1.0) 0.25%
MMSE¥ 25.07 (3.9) 25.41 (2.8) 0.70* 25.05 (2.6) 0.99*
Education, years* 13.03 (2.9) 12.66 (2.8) 0.62% 12.53 (2.5) 0.54"%
Weight, kg¥ 73.28 (2.4) 73.28 (13.0) 0.51* 75.37 (16.5) 0.63"
Height, cm¥ 174.76 (8.8) 172.45 (9.0) 0.33% 172.74 (9.3) 0.45%
BMI¥ 23.91(3.5) 25.39 (4.2) 0.15" 25.13 (4.1) 0.28*
APOE £4 alleles, n 0.25% 0.21%
0 13 7 3

1 10 14 9

2 6 8 7

Table 2 Baseline characteristics of the study cohort. A) all patients. B) CSF sub-group. ¥ Given as mean * (Standard
deviation), #*Independent t-test, ¥ Chi-squared test, € Controls versus intervention, * Controls versus high exercise.

34



Study I: Alzheimer’s disease biomarkers — the amyloidogenic pathway

In this study we found that AP species were not modulated by 16 weeks of physical exercise. Further, the
two cleavage pathways of APP were analyzed, the amyloidogenic pathway and the non- amyloidogenic
pathway, and A sub-species We found no result on either of the AP species. In addition, total tau
concentration and p-tau concentrations were analyzed, and here we also found no effect of the
intervention. Lastly, we analyzed the results on a background of APOE genotype, where carriers of the €4
allele were analyzed versus non-carriers and found no difference in the effect of PA on the markers
investigated. The results are listed in table 3 and mean outcome in the biomarkers are shown at baseline

and at follow up in figure 7.
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Table 3 Baseline* 16 weeks follow-up* Between group difference in mean change from baseline Between group difference in mean change from baseline
High exercise (n=18) versus control
pg/mL Control Intervention p-value Control Intervention Intervention versus  p- High exercise p-value  APOE g4 non- p-value  APOE g4 carriers p-value
control A (95%Cl) value  versus control carriers High exercise
A (95%Cl) High exercise control
control A (95%ClI)
A (95%ClI)
(n=25) (n=26) (n=20) (n=22) (n=20, n=19) (n=18, n=20) (n=2, n=8) (n=14, n=11)
Ap 38* 1735 1948 0.44 2034 1935 -68 0.50 -141 0.22 -142 0.55 -193 0.18
(617) (728) (991) (628) (-271; 135) (-368; 87) (-674; 389) (484; 98)
Ap 407 3720 4149 0.30 4549 4187 -404 0.094 -489 0.072 -134 0.83 -703 0.038
(1222) (1320) (1802) (1158) (-879; 71) (-102; 47) (-1513; 1245) (-1365; -41)
ApB42% 145 175 0.53 194 200 -21(-53; 11) 0.20 -29 0.10 -15 0.72 -41 0.059
(69) (107) (80) (121) (-63; 6) (-108; 78) (-83;2)
AB42/40 0.038 0.042 0.95 0.044 0.046 -0.0026 0.16 -0.0031 0.13 -0.0042 0.36 -0.0029 0.24
(0.012) (0.021) (0.013) (0.022) (-0.0062; 0.0011) (-0.0070; 0.0009) (-0.0143; 0.0058) (-0.0080; 0.0021)
t-tau 693 722 0.69 747 868 78 0.46 113 0.36 -138 0.76 215 0.055
(373) (386) (639) (664) (-134; 290) (-136; 362) (-1131; 854) (-5; 435)
p-tau 72 83 0.19 75 83 -4.8 0.24 -4.3 0.28 -10.9 0.29 -1.0 0.82
(30) (31) (32) (35) (-12.8; 3.3) (-12.3; 3.6) (-33.1; 11.3) (-10.3; 8.3)
(n=22) (n=23) (n=19) (n=22) (n=15, n=19) (n=1, n=7) (n=14, n=10)
SAPP o 362 412 0.18 362 398 -34 0.53 -39 0.54 86 0.18 -93 0.26
(240) (198) (289) (151) (-142; 75) (-166; 88) (-51; 223) (-260; 73)
SAPP 3 859 942 0.13 742 912 15 0.89 57 0.62 179 0.72 -32 0.78
(727) (445) (409) (422) (-198; 228) (-173; 288) (-939; 1298) (-268; 204)
SAPP f/a 2.14 2.38 0.17 2.29 2.25 -0.28 0.32 -0.10 0.73 -0.99 0.46 0.20 0.42
(0.41) (0.71) (0.93) (0.54) (-0.84; 0.28) (-0.69; 0.49) (-4.04; 2.06) (-0.31;0.72)
(n=24) (n=26) (n=21) (n=23) (n=17, n=21) (n=1, n=7) (n=16, n=12)
Ap 6.6 6.6 0.92 8.6 6.8 -0.48 0.44 -0.38 0.56 0.61 0.81 -0.54 0.45
long/short (2.0) (2.3) (8.0) (2.7) (-1.73; 0.77) (-1.69; 0.93) (-5.30; 6.52) (-1.99; 0.91)
t

Table 3. Changes in CSF AD biomarkers after 16 weeks of intervention. Baseline and follow-up values of B-amyloid species, tau, phosphorylated —tau, and soluble

APPa and B, and analysis of between group difference in mean change from baseline of B-amyloid, tau and phosphorylated —tau of intervention versus controls and

per-protocol high-exercise versus controls. In addition, between group differences in mean change from baseline High exercise versus control depending of APOE €4
carrier status (0 alleles versus 1 or 2 alleles). Ab38: beta amyloid 1-38, Ab40: beta amyloid 1-40, Ab42: beta amyloid 1-42, Ab42/40: beta amyloid ration between
isoform 1-42/1-40, T-tau: total-tau, P-tau: phosphorylated-tau, sAPPa and f3: soluble amyloid precursor protein o and 3, SAPPB/a.: ration between soluble amyloid

precursor protein B and o,Ab long/short: ration between beta amyloid species relative expression of long isoforms (A >17 amino acids) and short isoforms (AB<16

amino acids) *mean(SD). T measured by MALDI-TOF/MS, # measured by MSD triplex.
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Figure 7. Exercise effect on Alzheimer’s disease markers. Mean concentration of amyloid species and tau at baseline and at 16 weeks
follow up. Red: control group, blue: exercise group.
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Study Il: Markers of neuronal dysfunction
We found no statistically significant difference in the concentration of the biomarkers (Neurofilament light,

neurogranin, VILIP 1 and YKL-40) in mean change from baseline when comparing the controls and exercise
group. Figure 8 displays the relative difference between the groups in percent (((follow-up minus

baseline)/baseline) *100) in the biomarkers measured. In three out of four biomarkers analyzed, there was
a trend in relative change from baseline towards an increased level in CSF after 16 weeks of intervention in

the exercise group. However, the variation in the changes in both groups was large.
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Figure 8. Exercise effect on markers of neuronal and synaptic stability. Mean concentration of neurofilament light,
neurogranin, VILIP 1, and YKL-40 at baseline and at 16 weeks follow up. Red: control group, blue: exercise group
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Table 4A Baseline* 16 weeks follow up* Mean relative change from baseline,
((16 week follow up — Baseline)/Baseline) * 100 * #
Controls Exercise Controls Exercise controls  Exercise p- High p-
value exercise value
(n=24) (n=25) (n=19) (n=21) (n=18) (n=21) (n=14)
NFL, CSF 1495 1392 1427 1607 6.2(42) 19(71) 051 30 (86) 0.3
(pg/mL) (635) (467) (606) (768)
(n=25) (n=25) (n=20) (n=22) (n=20) (n=22) (n=15)
NG, CSF 524 (293) 628 (339) 517 (274) 681 -1.7(14)  87(29) 0.5 1.5 (15) 0.5
(pg/mL) (383)
(n=26) (n=25) (n=26) (n=25) (n=19) (n=21) (n=14)
VILIP 1, CSF 99 (70.4) 113 (74) 76 (76) 110 (85) 3.7 (59) 33 (67) 0.15 34 (62) 0.2
(pg/mL)
(n=24) (n=25) (n=20) (n=22) (n=20) (n=22) (n=15)
YKL-40, CSF 168 (67) 181 (118) 161 (60) 180 (78) -3.7 57(25)  0.19 2.2 (22) 0.4
(ng/mlL) (19)
Table 4B APOE €4 non- carriers APOE €4 carriers
Mean relative change from baseline,
((16 week follow up — Baseline)/Baseline) * 100* #
Controls Exercise  p-value Controls Exercise p-value
(n=9) (n=5) (n=9) (n=16)
NFL, CSF (pg/mL) 20(49) 65 (142) 04  -7.8(30) 4.5(22) 0.3
(n=10) (n=5) (n=10) (n=17)
NG, CSF (pg/mL) 3.7(16)  27(54) 0.1 0.3(11) 3.3(15) 0.6
(n=10) (n=4) (n=9) (n=17)
VILIP 1, CSF (pg/mL) 2.8 (60) 61 (86) 0.1 4.8 (61) 26 (63) 0.4
(n=10) (n=5) (n=10) (n=17)
YKL-40, CSF (ng/mL) 1.2 (19)  8.7(39) 06  -83(19) 4.8(22) 0.1

Table 4. Changes in CSF AD biomarkers after 16 weeks of intervention. A: Baseline and follow-up values of

neurofilament light, neurogranin, visinin-like protein 1, and chitinase 3-like 1, and analysis of between group
difference in mean change from baseline of intervention versus controls and per-protocol high-exercise versus

controls. B: between group differences in mean change from baseline exercise versus control depending of APOE €4

carrier status (0 alleles versus 1 or 2 alleles). NFL: neurofilament light, NG: neurogranin, VILIP1: visinin-like protein 1,

and YKL40: chitinase 3-like 1 *mean (SD). # A positive value means greater positive mean change from baseline in the

exercise group.
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Study lll: Markers of Neuroinflammation
Over all, most of the analyzed biomarkers were not affected by PA, and remained stable over the

intervention period, see table 5a. However, when analyzing relative change from baseline, the IL6 plasma
concentration increased significantly in the exercise group compared to the control group with a mean
change from baseline at 41.03 (SD 76.7) compared to -0.97 (SD 49.4) in the control group (p=0.049). When
analyzing the high exercise group vs controls, the same outcome was found with a mean change of 48.01
(SD 85.8) and -0.97 (SD 49.4), respectively (p=0.047). Similar results with borderline significance were found
for STREM2 in CSF. Here, sSTREM2 mean relative change from baseline was 6.9 (SD 14.0) in the high exercise
group compared to -2.4 (SD 13.8) in controls, (p=0.05). TREM2 SNP assay showed no genotype that

corresponded with genetically altered STREM2 levels.

In addition, when stratifying for APOE genotype in carriers and non-carriers of the €4 allele, we found that
plasma INFy concentration increased more in controls who were €4 carriers (114.7 [SD 188.3] compared to
7.8 (SD 42.8) in the g4-positive exercise group, p=0.038). The opposite was observed when analyzing
SsTREM2 based on APOE genotype. Here, there was an increase in exercising APOE €4 carriers, 5.7 (14.4),

compared to a decrease in the controls -6.4 (15.5), p=0.037, see table 5b.

However, when correction for multiple comparisons with a Benjamini-Hochberg adjustment with as false
discovery rate of 0.05, no effect of PA was found in any of the markers in either CSF or plasma, see table 6

and 7.
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Table 5A Baseline* 16 weeks follow up* Mean relative change from baseline,
((16 week follow up — Baseline)/Baseline) * 100, * #

Controls Exercise Controls Exercise controls Exercise p-value High exercise p-value
pg/mL
(n=27) (n=28) (n=24) (n=23) (n=22) (n=22) (n=16)
STREM?2, CSF 8172.51 (2656.2) 8193.32(2992.5) 7717.16 (2488.7) 8596.5(3267.5) -2.4(13.8) 5.0 (12.9) 0.075 6.9 (14.0) 0.05
(n=27) (n=24) (n=27) (n=19) (n=26) (n=20) (n=14)
IFNy, CSF 0.56 (0.2) 0.52(0.2) 0.55(0.1) 0.54 (0.2) 9.0 (34.0) 1.6 (52.8) 0.57 -4.1(51.9) 0.34
IL10, CSF 0.10 (0.0) 0.09 (0.1) 0.10(0.1) 0.10 (0.6) 13.5(52.4) 18.0 (67.5) 0.80 15.2 (70.8) 0.93
1113, CSF 0.72 (0.5) 0.66 (0.3) 0.67 (0.3) 0.81(0.5) 7.9 (68.7) 55.8 (115.4) 0.089 48.1(107.2) 0.16
IL2, CSF 0.18 (0.2) 0.17 (0.12) 0.14 (0.1) 0.13 (0.1) 11.7 (96.1) 4.6 (69.3) 0.79 -0.1(78.4) 0.70
IL6, CSF 1.15 (0.4) 1.09 (0.3) 1.34(0.6) 1.08 (0.3) 21.7 (50.1) 1.9(28.2) 0.13 3.5(29.5) 0.22
IL8, CSF 44.75 (13.0) 42.41(9.2) 45.05 (15.4) 40.74 (10.5) 2.7 (24.7) -5.0(16.6) 0.25 -2.5(15.9) 0.48
TNFo, CSF 0.17 (0.1) 0.17 (0.1) 0.17 (0.1) 0.16 (0.1) 4.5(31.9) -4.7 (38.8) 0.39 -6.8 (41.5) 0.34
(n=23) (n=24) (n=23) (n=21) (n=19) (n=21) (n=14)
IFNy, plasma 5.11(3.4) 4.88(2.2) 4.96 (3.2) 5.15(2.2) 61.4 (144.6) 22.1(63.7) 0.27 11.6 (44.2) 0.22
IL10, plasma 0.33(0.2) 0.29 (0.2) 0.45 (0.8) 0.29 (0.2) 6.2 (58.6) 31.2(95.6) 0.33 35.2(109.8) 0.33
IL6, plasma 2.91(7.4) 0.67 (0.3) 3.28 (8.6) 0.79 (0.3) -0.97 (49.4) 41.03 (76.7) 0.049 48.0 (85.8) 0.047
IL8, plasma 4.78 (1.6) 4.76 (1.4) 5.57(2.3) 5.40(1.5) 27.9 (65.5) 20.7 (38.9) 0.67 25.4 (41.7) 0.90
TNFo, plasma 1.63 (0.6) 1.72 (0.4) 1.82(0.6) 1.71(0.4) 33.2(83.1) 1.2 (39.6) 0.12 -3.7 (41.9) 0.14
(n=28) (n=27) (n=23) (n=22) (n=20) (n=22) (n=15)
8-isoprostane, CSF 8.7 (4.0) 9.93 (5.4) 8.97 (3.6) 16.28 (4.1) 33.2(99.8) 80.1(192.4) 0.33 95.4 (225.9) 0.28
(n=87) (n=100) (n=80) (n=90) (n=75) (n=86) (n=55)
8-isoprostane, plasma 70.17 (94.0) 68.36 (86.8) 70.79 (88.9) 60.25 (75.8) 213.9 (582.7) 109.9 (354.2) 0.17 98.8 (296.7) 0.18

Table 5a. The effect of exercise on biomarker concentrations. Baseline and follow-up values of plasma and CSF markers, and analysis of between group difference
in mean change from baseline of intervention versus controls and per-protocol high-exercise versus controls. ¥ Given as mean * (SD) # A positive value means greater
positive mean change from baseline in the exercise group.



Table 5B APOE €4 non- carriers APOE €4 carriers
Mean relative change from baseline,
((16 week follow up — Baseline)/Baseline) * 100 * #

Controls Exercise p-value Controls Exercise p-value
pg/mL
(n=9) (n=5) (n=13) (n=17)
STREM2, CSF 3.5(8.1) 2.5(3.89) 0.81 -6.4 (15.5) 5.7(14.4)  0.037
(n=12) (n=4) (n=14) (n=15)
IFNy, CSF 12.6 (38.1) 2.4 (42.2) 0.52 5.8 (31.1) 9.4 (51.1) 0.82
IL10, CSF 25.4 (66.5) 23.6 (74.6) 0.96 3.3(36.3) 16.5(68.2)  0.53
1113, CSF 29.1(73.8) 62.3 (117) 0.31 -10.3(61.0) 46.3(103.4)  0.08
IL2, CSF 45.2(129.9)  18.1(40.4) 0.69 -17.0(40.0)  1.0(75.9) 0.44
IL6, CSF 39.3(59.2)  -14.7(26.8) 0.11 5.6 (36.3) 6.3 (27.9) 0.98
L8, CSF 1.9 (21.8) -11.6 (21.4) 0.30 3.4(27.7) -3.3(15.5) 0.43
TNFa, CSF 16.2 (38.8) -9.1(33) 0.26 -5.6 (21.0) 2.9 (33.3) 0.42
(n=10) (n=5) (n=9) (n=16)
IFNy, plasma 13.5(72.1)  67.9(100.2)  0.24  114.7(188.4) 7.8(42.8)  0.038
IL10, plasma -3.6(45.5)  35.46(68.4) 021 17.1(71.7)  29.8(104.4)  0.75
IL6, plasma -17.15(47.4) 1.4 (71.3) 0.56 17.0(47.7)  53.4(76.4)  0.21
IL8, plasma 31.2 (80.6) 3.0(23.3) 0.46 24.2 (48) 26.2(41.6) 091
TNFa, plasma 26.6 (68.3) 1.3 (46.3) 0.47 40.5 (101.1) 1.1(39.2 0.17
(n=10) (n=5) (n=10) (n=17)
8-isoprostane, CSF 9.7 (94.9) 139.0(143.8)  0.058 56.5(101.5) 62.8 (204.9) 0.93
(n=19) (n=31) (n=56) (n=55)

8-isoprostane, plasma  279.0 (492.1) 179.9(479.4) 0.48  191.8(612.9) 71.0(255.9) 0.18
Table 5b. The effect of exercise on biomarker concentrations stratified by APOE genotype. Group differences in

mean change from baseline, exercise versus control depending of APOE €4 carrier status (0 alleles versus 1 or 2
alleles). ¥ Given as mean * (SD) # A positive value means greater positive mean change from baseline in the exercise

group.
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Table 6 Control vs. exercise B-H-adj. Sig. after Control vs. high B-H-adj. Sig. after
Assay Org. p-value p-value adjustment  exercise org. p-value p-value adjustment
SsTREM2, CSF 0.075 0.56 No 0.05 0.5 No
IFNy, CSF 0.57 0.71 No 0.34 0.51 No
IL10, CSF 0.80 0.86 No 0.93 0.93 No
1113, CSF 0.089 0.53 No 0.16 0.53 No
IL2, CSF 0.79 0.88 No 0.70 0.81 No
IL6, CSF 0.13 0.56 No 0.22 0.55 No
IL8, CSF 0.25 0.54 No 0.48 0.63 No
TNFa, CSF 0.39 0.53 No 0.34 0.49 No
IFNYy, plasma 0.27 0.54 No 0.22 0.51 No
IL10, plasma 0.33 0.58 No 0.33 0.55 No
IL6, plasma 0.049 0.74 No 0.047 1.41 No
IL8, plasma 0.67 0.80 No 0.90 0.93 No
TNFa, plasma 0.12 0.60 No 0.14 0.5 No
8-isoprostane, CSF 0.33 0.52 No 0.28 0.53 No
8-isoprostane, plasma 0.17 0.51 No 0.18 0.49 No

Table 6 Benjamini-Hockberg adjustment for multiple comparisons of result in study Ill. FDR at 0.05. Correction for

finding a significant difference in the analytes due to pure chance was adjusted with Benjamini-Hockberg adjustment.

None of the significant results from table 5a were significant after adjustment.

Table 7 Non-carriers B-H-adj. Sig. after Carriers B-H-adj. Sig. after
Assay Org. p-value p-value adjustment org. p-value p-value adjustment
sTREM2, CSF 0.81 0.87 No 0.037 0.55 No
IFNy, CSF 0.52 0.71 No 0.82 1.03 No
IL10, CSF 0.96 0.96 No 0.53 0.80 No
1113, CSF 0.31 0.66 No 0.08 0.40 No
IL2, CSF 0.69 0.8 No 0.44 0.73 No
IL6, CSF 0.11 0.83 No 0.98 0.98 No
IL8, CSF 0.3 0.75 No 0.43 0.81 No
TNFa, CSF 0.26 0.78 No 0.42 0.90 No
IFNy, plasma 0.24 0.90 No 0.038 0.29 No
IL10, plasma 0.21 1.05 No 0.75 1.02 No
IL6, plasma 0.56 0.70 No 0.21 0.53 No
IL8, plasma 0.46 0.86 No 0.91 1.05 No
TNFa, plasma 0.47 0.78 No 0.17 0.64 No
8-isoprostane, CSF 0.058 0.87 No 0.93 1.00 No
8-isoprostane, plasma 0.48 0.72 No 0.91 1.05 No

Table 7 Benjamini-Hockberg adjustment for multiple comparisons of result in study Ill, APOE statification. FDR at

0.05. Correction for finding a significant difference in the analytes due to pure chance was adjusted with Benjamini-

Hockberg adjustment. None of the significant results from table 5b were significant after adjustment.
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Study IV: The genetic contribution — role of APOE
In this post hoc analysis we found that patients who carried the APOE €4 allele seemed to benefit more

from the exercise intervention than non-carriers on a few of the outcomes (Figure 9). For the distribution of
non-carriers versus carriers, se table 2a. We found that patients who were carriers of the APOE €4 allele in
the exercise group maintained their performance in the SDMT test whereas the carriers of the APOE €4
allele in the control group deteriorated in performance, and changes with exercise differed significantly
between carriers and non-carriers (p=0.024, Table 8). Carriers of the APOE €4 allele who exercised
experienced an improvement in neuropsychiatric symptoms compared to a worsening in the control APOE
€4 carrier group. In contrast, we could not detect an effect of the exercise intervention on neuropsychiatric
symptoms in the non-carrier group. However, when comparing changes with exercise in carriers and non-
carriers no significantly difference was found. Further, APOE €4 allele carriers who exercised improved their
physical performance measured by walking speed compared both to non-carriers who exercised and to
control APOE €4 carriers, and changes with exercise differed significantly in one of the physical tests
between carriers and non-carriers (TUG, p=0.014). When adjusting for multiple comparisons, exercise still
showed an effect on NPI, TUG and estimated VO.max in the APOE €4 carriers, whereas differences in

changes between carriers and non-carriers were no longer significant for any of the outcomes (Table 9)
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Figure 9. The effect of APOE €4 allele on physical exercise outcomes. Mean scores in outcome intention to treat
analysis. All participants analyzed with independent t-test, respectably of APOE &4 carrier status and randomization
group. B: baseline, F: 16 weeks follow-up, * p<0.05, *** p<0.001, displayed as mean score in groups with SD Red:
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Table 8 APOE &4 non-carriers APOE &4 carriers
Mean (SEM) Baseline Follow-up Baseline Follow-up
Controls Exercise P-value? Controls Exercise p-value? Controls Exercise p-valuel! Controls Exercise p-value? | p-value?

Symbol digit modalities

: ; 25.8 (2.84) 27.8 (2.50) 0.08 26.1(3.35) 24.5(2.84) 0.16 25.6 (1.78) 26.5 (2.84) 0.95 18.2(3.97)  25.6(2.10) 0.06 0.024
test, #in 90 min
Neuropsychiatric
inventory, range 0-144 10.8 (2.27) 10.7 (2.02) 0.64 11.5 (2.40) 10.1 (1.54) 0.73 9.0 (1.10) 9.7 (1.19) 0.47 12 (1.45) 7.8 (1.03) 0.0002 0.16
Time up and go, sec. 6.7 (0.37) 6.6 (0.34) 0.35 6.4 (0.31) 6.8 (0.38) 0.18 6.6 (0.19) 6.8 (0.19) 0.22 6.7 (0.34) 6.4 (0.16) 0.015 0.014
Est. VO, max, 25 (1.51) 27.6 (1.43) 0.15 25.1(1.31) 33.2 (1.54) 0.024 | 26.6(1.28) 24.3(0.91) 0.05 26.9(1.22) 28.6(0.98)  0.0002 0.88
ml/kg/min
400 m walk, sec 302.2(17.11)  302.8(17.72) 0.54 298.45(15.34)  305.1(18.19)  0.54 | 305.2(8.11) 307.5(10.00) 0.69 307.6(9.50) 293.0(7.18)  0.042 0.07
10 m walk, m/sec 1.4 (0.05) 1.4 (0.03) 0.98 1.4 (0.04) 1.3 (0.04) 0.78 1.4 (0.04) 1.3(0.02) 0.0061 1.4 (0.03) 1.3(0.02) 0.027 0.13

514

Table 8. Effects of the intervention in APOE €4 non-carriers and APOE €4 carriers. Baseline difference between controls versus exercise within APOE status.

Adjusted for clustering within training groups and centers. 2Follow up difference between controls versus exercise (beyond the difference present at baseline) within
APOE status. Adjusted for clustering within training groups and centers. 3Effect of APOE status on the effect of exercise



Table 9

Effect of exercise on APOE €4 non-
carriers

Effect of exercise on APOE €4
carriers

The effect of APOE genotype on the
effect of PA

Org. p-value!  B-H-adj. Sig. after Org. p-value!  B-H-adj. Sig. after Org. p-value?  B-H-adj. Sig. after
p-value adjustment p-value  adjustment p-value adjustment
SDMT 0.16 0.24 No 0.06 0.10 No 0.024 0.07 No
NPI 0.73 0.80 No 0.0002 0.0024 YES 0.16 0.91 No
Time up and go 0.18 0.24 No 0.015 0.045 YES 0.014 0.08 No
Est. VO, max 0.024 0.06 No 0.0002 0.0012 YES 0.88 0.88 No
400 m walk 0.54 0.65 No 0.042 0.084 No 0.07 0.14 No
10 m walk 0.78 0.78 No 0.027 0.06 No 0.13 0.20 No

Table 9. Effects of the intervention in APOE &4 non-carriers and APOE €4 carriers. Benjamini-Hockberg adjustment

for multiple comparisons of result in study Ill. FDR at 0.05. ! Follow up difference between controls versus exercise

(beyond the difference present at baseline) within APOE status. Adjusted for clustering within training groups and

centers. 2Effect of APOE status on the effect of exercise.
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Discussion
Physical activity and exercise as a non-pharmacological treatment has proven beneficial for reducing the

risk for many diseases including stroke, high blood pressure and mental disorders like chronic stress and
depression [112]. However, compared to our understanding of PA’s impact on cardiovascular health and
general fitness, our understanding of PA’s impact on cognitive health is still very much in its infancy. Very
few studies have included biomarkers as an end-point in their analysis of PA’s effect of dementia, which we
addressed in a systematic review [113] and found a need for a molecular biomarker aspect included the

analysis.

The clinical diagnostic markers for Alzheimer’s disease in CSF.

In this study we analyzed whether 16 weeks of moderate-to-high intensity PA would modify the levels of A
in the brain. We found no effect in any of the relevant markers. Our findings are not in line with previous
studies in animal models for AD. Both AP} and p-tau have been shown to be reduced in the brain tissue as a
response to moderate-intensity exercise in transgenic (Tg) mouse models [83,153]. In mouse models

AR seems to disappear from the brains of the mice that are housed with access to running wheels. Figure

10 summarizes the findings in mouse models in exercise studies.

In general, Tg AD mouse models are accepted as translatable to human subjects with AD [5,154], however
there have been numerous drug and intervention studies showing reduced amyloid burden in mice but not
in AD patients [155]. One issue with the amyloid mouse models is that Tg mice overexpress APP
[83,156,157]. The overexpression of proteins in models raises some concerns, such as that overexpression
of proteins in itself could be toxic for the cells, and cell toxicity is therefore not amyloid specific. In addition,
overexpression generates vast amounts of protein that could enable an unrepresentative large detectable
reduction in the protein levels, due to a given intervention. Furthermore, not all the Tg mouse models
develop plaques, as seen in human patients with AD [157]. Further, in many mouse models the cognitive
decline precedes the formation of AD pathology in the form of AP build up [158], which is in direct contrast
to humans where AP reduction in CSF can be measured decades before onset of cognitive complaint as
seen in figure 2. These concerns could suggest that the difference in A pathology between humans and
mice makes direct comparison of the effect of an exercise intervention less valid and could account for the

disagreement between our findings and previous animal findings on the AD biomarkers A and tau.
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Figure 10. Mouse model findings in exercise’s effect on AD pathology. In mouse models for AD a
sedentary life will build up toxic species, activate microglia, and in some models, Ap deposits. This also
reflects on cognition, tested with Morris water maze, and fear response. This is however found to be
positively modified with access to running wheel and living in enriched housing. Picture from [158].

Instead of assuming that a decrease in amyloid accumulation in the brain would be reflected in an
increased clearance of AP from the brain to CSF, an alternative hypothesis could be that physical exercise
may not lead to an increased clearance via the CSF, but to an increase in on-site clearance by proteases.
Previous studies have found that the enzymes IDE and neprilysin may contribute to the clearance of Ap
[159,160]. A recent study found that wheel running reduced extracellular, soluble AB in the brains of
Tg2576 mice in a dose-dependent manner through an up-regulation of AP clearance by activation of IDE
and neprilysin [161]. Whether a similar mechanism occurs in humans remains is unknown. However, mass
spectrometry analysis in the present study of the relative expression of several Ap peptides did not show
any differences in the levels between controls and the intervention group. This could indicate that AB is not
cleared on site, or that the clearance is not detectable with our methods, for instance AP species shorter
than the AB1-13 aa. In this study we tried to measure IDE and NEP concentrations, and their activity in
plasma and CSF, however this proved difficult. Assays were not specific or sensitive enough, and most
samples fell below limit of detection. With this in mind however, measuring the effect of PA on these two
proteins would be interesting, and better assays may help to resolve the involvement of IDE and NEP in the

response to physical exercise in the future.
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A further concern and limitation in comparing results from a PA intervention in mice and humans, is the
actual PA. Unless forced PA has been employed in the mouse studies, it may be hard to monitor exactly
how much each mouse is running, and studies show that mice tend to run in short bursts of high intensity
many times during their active period (dark period) [162], and the duration and intensity of PA may be
much higher in mice studies than in human studies. In addition, older mice run less (measured in distance)
than young mice, and on top of that there is species differences, and most studies showing significant
reduction in AB in mice brain have employed younger mice (one to 6 months of age), who might run for a
longer time and more vigorously than the exercise undertaken by older adults humans with AD [162]. This
of course could be controlled by applying forced PA e.g. motorized running wheel or swimming
interventions in the animal studies. However, this seems not to be the general method chosen for analyzing
impact of exercise on A in AD mice, and forced methods may induce unwanted adverse effects, such as

stress and anxiety.

In addition to the markers of specific AD pathology, we also measured the step between APP and

AP formation, sAPPa and sAPPP. The hypothesis was that an intervention with exercise could shift the
process from the amyloidogenic pathway, resulting in the toxic AB42 species, to a non-amyloidogenic
pathway, where soluble non-aggregable AP species are produced instead. Here we didn’t find evidence that
PA could cause a shift like this. We analyzed the sAPP o and 3 forms and the ratio between sAPPf/a. We
did not find a significant difference in the sAPPB/a ratio in our study. Since the generation of the short

AP peptides AB1-15/16 is dependent on a-and B-secretase activity (non-amyloidogenic pathway) while the
longer AB peptides (e.g. AB42) are generated by combined action of B-and y-secretase [163,164], we in
addition analyzed whether the ratio between long and short AP peptides was affected by physical exercise.
We found no significant difference in the mean ratios indicating that physical exercise does not seem to
influence the cleavage of APP towards the non- amyloidogenic pathways. Overall no positive change was

found in the AP etiology by PA.

Synapse stability and neurogenesis

As mentioned earlier, neuronal degradation and loss of synapses are normal in aging. Nonetheless, studies
have shown that the hippocampus is one of the regions in the brain were neurogenesis continues
throughout life [165]. However, this neurogenesis may be reduced in AD, where brain atrophy is especially
severe in the hippocampus [166]. Exercise has shown to alter the progression of brain volume loss in
healthy elderly subjects and in subjects with MCl or AD dementia [100,167,168], and one hypothesis could
be that PA would act by stabilizing neurons and their network, measured by a decrease in release of

neuronal and synaptic proteins to the CSF.
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In this explorative study we investigated the effect of PA on selected biomarkers of neuronal and synaptic
integrity. The biomarkers investigated in this study are all found in CSF under normal physiological

conditions, and the levels found in our study corresponded to previous findings [76,77,169,170].

Increased CSF levels of the biomarkers NFL, NG, YKL-40 and VILIP-1 have been found in AD, and correlates
with neurodegeneration, suggesting a potential use as surrogate markers of synaptic and neuronal loss
[151,170-172]. Exercise and physical activity has been linked to cognitive preservation and structural and
functional neuronal changes in humans [173]. However, the underlying neurobiology is unknown. To gain
new insight into the molecular pathology in AD and possible changes with PA several pathophysiological
pathways can be explored. We selected the markers in this study on the basis that they were recently
investigated biomarkers of AD even though very little is known of their ability to reflect changes in the rate

of neurodegeneration and if they are able to change within 16 weeks of exposure.

The main hypothesis was that PA would have a stabilizing effect on the markers, due to lesser synapse loss
or even a neurogenesis effect of PA. Figure 11, is a graphical representation of the hypothesis of

stimulation of neurogenesis through PA.

Neural networks 2 months
after stimulation

Neural networks before
training

Figure 11. The hypothesis of neurogenesis in relation to exercise. We hypothesised that PA would
have a stabilizing effect on synapses in patients with AD, enableling new neuronal pathways to
connect. Adapted from www.cognifit.com

51



We found no significant effect of PA on our selected biomarkers. The most direct interpretation of these
results is that they do not support any modulatory effect of PA on AD synapse integrity, as measured by
selected biomarkers. However, the lack of a modulating effect of exercise on our selected biomarkers might
have other explanations. Animal studies in mice suggest that environmental stimulation, including access to
running wheels, improved cognition and resulted in significant higher levels of NG in brain tissue [174],
however, this effect did not transfer to the present study. The synaptic protein NG is released to the CSF
from the synapses [175,176]. Comparing baseline values from our study (mean concentration controls: 524
pg/ml, and exercise: 628 pg/mL) to findings from the group which assay we employed (mean
concentrations in AD: 620 pg/ml) [150], shows that the concentrations found in our study are comparable
with theirs. Other studies have found either considerably lower levels (mean concentration in AD: 36.6
pg/mL) of NG in CSF in patients with AD [151], or considerably higher levels (mean concentration in AD:
2381 pg/mL) of NG in CSF in patients with AD [175]. However, all have found higher levels in AD compared
to cognitive healthy subjects. We would expect a lower level of NG in the CSF after an intervention with PA,
if PA has a stabilizing effect on the synapses, and thereby less release of NG to the CSF by degrading
neurons. As with study I, the lack of coherency with the findings in animal studies, could be due to the
exercise regime employed, or that physical exercise in patients with AD dementia does not have a
modulatory effect on these pathophysiologies. Finally, as in all the exploratory studies of this thesis, the

question of statistical power due to low sample size must be taken into consideration.

NFL in CSF is a marker of damage to large-caliber myelinated axons, and elevated CSF levels have been
associated with cognitive deterioration and structural changes in the white matter, and brain atrophy in
patients with AD [76]. As a neuron cytoskeletal-function protein NFL has also been shown to be modifiable
by PA in animal studies [177]. Elevated CSF NFL is not a specific AD marker, and CSF NFL levels do not
correlate with AP levels [76]. Similar to NFL, CSF NG levels do not correlate with AB42 levels in patients with
MCI and AD [175,176]. We found no effect on NFL of PA. In a different study, on the same study cohort,
functional MRI scans were employed to measure hippocampal and cortical thickness as a result of exercise
[178]. Here no effect was found, suggesting that PA does not possess a stabilizing neuron-structural ability,

although both studies suffer from low sample sizes and should be interpreted accordingly.

Just as NG, VILIP-1 has shown potential as a predictive marker for MCI progression to AD [172]. VILIP-1 is
abundantly expressed in the brain, and is excessively released due to neuronal degradation [179]. Although
increased CSF levels of VILIP-1 are not specific to AD, it has shown to correlate well with AD progression
and pathology [172]. The microglia derived protein YKL-40’s role in AD is not fully elucidated, however is

thought that YKL-40 increases with neuroinflammation [169], and apart from in AD, increased levels have
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been found in CSF following stroke, other neurological disorders, and in normal aging [77,169,180,181].
This indicates that YKL-40 is more a general marker of neuroinflammation/astroglial activation secondary to
many different etiologies, including AB pathology [78]. The analysis of PA effect on VILIP-1 and YKL-40 was
purely explorative. The biomarkers have shown potential as candidate markers for AD pathology, and no
research has been published on the effect of exercise. We found no effect on the biomarkers of 16 weeks

of PA. There could be several reasons for this, including lack of statistical power.

In conclusion, since synaptic integrity plays a central role in cognitive function and synaptic loss has been
shown to correlate well with cognitive decline [182] biomarkers of synaptic function may be of value in
monitoring neurodegeneration, not only in AD, but also in other neurodegenerative diseases [182].
However, the selected markers in this study may not be well suited to elucidate the effect of PA, or the

design and/or statistical power of our study did not allow us to detect more subtle changes.

One protein that has shown great potential as neurogenesis promoting, and that can be modified by PA is
Brain derived neurotrophic factor (BDNF) [183]. BDNF acts to support the survival of existing neurons, and
promotes the growth and differentiation of new neurons and synapses [99,183,184]. In patients with AD
significant reduced levels of BDNF in brain tissue and plasma have been found [185,186]. Both in mouse
models for AD, and in humans, increased physical activity results in increased levels of BDNF and improved
cognition [82,187-189]. This makes BNDF a perfect candidate for future studies. We have currently
measured BDNF in CSF (data not shown), however with great difficulties due to low concentration levels,
and without positive preliminary results. We are now moving on to measure BDNF in plasma. Studies in rats
have shown excellent correlation between brain levels of BDNF and plasma BDNF [190] indicating that
modulations in CSF BDNF levels will reflect in plasma levels where concentrations are expected to be much

higher and possibly easier to analyze.

Neuroinflammation

Moving away from the AD markers and synapses, in this explorative study we investigated the influence of
PA on selected biomarkers of inflammation measured in plasma and CSF, as several large population-based
studies have shown that greater physical exercise levels are associated with lower levels of inflammation

[191].

Inflammation is established as an important contributor to AD pathology [192], it is however, not clear if

inflammation is the cause or the outcome of pathological AB plaque accumulation [193]. Nonetheless,
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measuring inflammation in CSF and even plasma has the potential to aid in monitoring disease progression

and help to understand the beneficial effects of treatment strategies [44,45].

Our approach resulted in mostly negative results, but we did find some moderate modulating effects of our

intervention on some proteins, systemically and in CSF.

We found a mixed picture where PA increased the levels of sSTREM2 in CSF and IL6 in plasma. In addition,
when analyzing on the basis of APOE genotype, APOE &4 carriers who exercised had stable levels of plasma
IFNy and APOE €4 carriers in the control group increased. Further, in APOE ¢4 carriers, STREM2 increased in
the exercise group, while it decreased in the control group. However, when correcting for multiple
comparisons with a Benjamini-Hochberg adjustment with as false discovery rate of 0.05, no effect of PA
was found in any of the markers in either CSF or plasma. This calls for studies in larger groups in order to

validate these preliminary findings.

Animal studies in AD model mice, have shown increased expression of pro- inflammatory cytokines, even at
young age [158]. And in addition, administration of the anti-inflammatory cytokine IL-4 reduced
astrocytosis and microgliosis, amyloid plaque load, and improved memory and hippocampal neurogenesis
in AD mice [194]. Very few studies have investigated the effect of PA on inflammation in AD mouse models,
and the results have been mixed. Some find a modest effect on activated astrocytes and microglia

activation [195,196], and another study found no effect [158].

The cytokine IL6 has commonly been perceived as a pro-inflammatory molecule, released in the acute
phase of an infection. However, IL6 is increasingly being recognized to exhibit both pro-inflammatory as
well as anti-inflammatory abilities. This is supported by the lack of induction of nitric oxide in response to
IL6 release, as seen with cytokines IL1 and TNFa [110,197]. In relation to PA, studies have shown that
exercise induces an acute phase response, similar to sepsis and trauma [110]. Especially, IL6 is produced in
high amounts in response to exercise in healthy subjects, followed by a rapid decline after end of the
exercise [109,110]. Additionally, is IL6 produced locally in the contracting muscle exhibiting growth factor
properties [110]. These findings are in line with the present results where we also saw an increase in
plasma IL6 in the exercise group compared to controls, suggesting that exercise had similar effects on IL6 in
AD as in healthy subjects, however this is probably a systemic effect, rather than brain related, and as

stated above needs further validation.

We found a significantly higher concentration after intervention of IFNy among the APOE €4 carriers in the
control group. However, we are very cautions with this being a true finding due to multiple comparisons,

and the limited sample size. We would expect that if IFNy is suppressed by PA in AD we would see this
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change in both APOE &4 carriers as well as non-carriers. That said, a study in APOE -/-mouse model has
shown that these mice have an enlarged immune response, including increased IFNy production [198]. The
closest we get to a human variant of the Human APOE -/-mice, is the APOE &4 carriers who have low plasma
APOE protein levels. From our results we could postulate that PA can reverse this APOE/IFNy negative

synergy.

As described earlier, sSTREM2 has been linked to AD risk. We found that exercise increased levels of
STREMZ2, and that non-exercise controls had a decrease in STREM2 levels over the 16 weeks of intervention.
This difference was driven by the APOE €4 genotype, as seen in our sub-analysis. Considering the conflicting
findings of the previous studies, it is hard to conclude if the increase seen in STREM2 in the APOE €4
exercise group, is beneficial or harmful. Nonetheless, not much is known about PA and sSTREM2, and to our

knowledge we are the first to investigate this.

People who are at genetic risk of AD benefit more from exercise

From population-based studies, and small explorative studies, there is an inkling that APOE is not only
connected to the risk of AD, but that the €4 allele is connected to physical function as well [199,200].
Furthermore, high fitness levels in healthy €4 carriers have been associated with better cognitive
performance, and preservation of hippocampal volume [120,201-203,199]. We performed a post hoc
subgroup analysis study of the primary (cognitive)) and secondary (neuropsychiatric symptoms and physical
function) outcomes in the ADEX study. We limited our analysis to those outcomes that changed
significantly with exercise and it seemed that patients who carried the APOE €4 allele in fact benefitted

more from the exercise intervention on some of these outcome measures.

In our previous investigation [22] we found that the highest effect on cognitive and physical measures were
detected in the sub-group of patients who exercised at the highest intensity and who adhered most to the
exercise program, described as the “high-exercise” group. In the current analysis we did not find an
additional effect of high-intensity exercise after stratification by APOE €4 carrier status. Hypothetically, this
could indicate that the effect of exercise on cognitive and physical measures of carrying the APOE €4 allele
was equivalent to the effect of a higher intensity exercise regime. However, when correcting for multiple
comparisons with a Benjamini-Hochberg adjustment with as false discovery rate of 0.05, only the findings in
APOE e4 carriers in the outcomes NPI, TUG, and Est. VO, max remained significant between controls and
the exercise group. Differences in sample sized must also be taken into account, as the APOE e4 carrier

group was considerably larger and therefore had more statistical power.
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The underlying mechanism for the observed APOE-mediated beneficial effect of exercise is unclear. First of
all, it is not known whether physical exercise exerts its positive effect through disease-modifying or
symptomatic mechanisms. The APOE genotype influences several pathways related to AD, such as vascular
damage, AP accumulation, cholesterol transport, and neuroinflammation [4]. In study Il we found some
indications that PA had a modulating effect on inflammation, systemic and in the CNS. This could be a

possible link between the APOE effect and exercise in this intervention study.

Methodological considerations
In this section a methodological discussion is provided covering some aspects of study design, and choice of

assays used.

Study design

Limitations in study design

The ADEX study was a randomized controlled trial with 200 participants. The number of subjects was
chosen based on power calculations for the primary cognitive outcome, but a larger study might have
shown more robust findings. A large number of patients had to be screened, which was due to a high
number of patients rejecting to participate because they had to exercise in groups located at their local
hospital and not at home. For some it was a logistic problem to get to the training center (caregiver nor
able to drive back and forth), for others it was a lack of willingness to exercise at all. In regard to selection
bias, subjects were excluded if they had other conditions or physical problems, that prevented them from
exercising, and together with willingness to exercise, this probably biased our study population towards
highly motivated, reasonably fit subjects. There was a high prevalence (68%) of APOE &4 carriers among the
participating patients. Taken that all participants had been referred to a memory clinic for investigation of
AD, and that APOE &4 is a risk factor for developing AD, it was expected that the prevalence in our study
would be similar to a population of AD patients in a memory clinic (approx. 50%) [204] . It is not clear why
we have this high prevalence of APOE &4 carriers in our study. To our knowledge APOE e4 carriers are not

more inclined to participate in studies, and we have no explanation for this finding.

The power calculation for the sample size for the original study was based on the primary outcome (SDMT).
Due the fact that only % of the participating patients donated CSF samples, all measurements in CSF were
purely exploratory with small sample sizes, and when multiple comparisons with large biomarker panels
were applied, the risk of both type 1 and type 2 errors must be taken into account. In study Il, we tried to

calculate statistical power for the biomarker analysis on the basis of change in biomarkers of 10%. This was

56



an unconfirmed estimate of non-validated biomarkers, and in hindsight a change of this size might have
been too ambitious. In the thesis, corrections for multiple comparisons were applied, and most significant
changes vanished, suggesting that the small size, especially for the CSF analyses was critical, calling for

larger studies to evaluate any effects of physical exercise on AD pathophysiology.

Monitoring of physical activity:

We were not able to control the activity of the control group or in the exercise group outside the structured
interventions. Both caregiver and patient were instructed to carry on as normal, but no formal control was
applied due to lack of resources. As described in the method section, participants were selected based on
not already being actively engaged in a structured exercise regime or having high PA levels before
enrollment. One could speculate that patients in the control group would spontaneously start to exercise
on their own, while subjects in the intervention groups would reduce their physical activity between
training sessions A way to monitor the general physical activity could be to have all participating subjects
wear pulse trackers that could be logged. If anything, increased physical activity in the control group would
have resulted in underestimation of the effect of exercise. Another issue was the impact of social contact
by exercising in groups. If resources were available, we could have included some social group activity in

the control group enabling us to control for the social effect of meeting peers and enrichment of social life.

Do biomarkers change over 16 weeks?

One of the big questions when analyzing the effect of an intervention on biomarkers of AD is, ‘how fast
does a biomarker change?’. ‘Is it even possible to see any effect after 16 weeks as with this study?’ From
longitudinal studies of AB, tau and p-tau, Ap shows a progressive decline in CSF and tau/p-tau increase,
however measured over several years, see table 10, that summarizes some of the findings of longitudinal
data on AD biomarkers [205]. It is unlikely that the natural progression of AD biomarkers over 16 weeks,
would result in measurable difference over this time period. However, our hypothesis is that PA would
generate a faster change in biomarker-kinetics. A recent, kinetic study of tau CSF turn-over [206], suggests

that the turn-over rate of CSF is fast enough in order for a change in tau to be measured over weeks .
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Biomarker Annual change, normal progression pg/mL (SD) Study
AB 42 -11.9 (28.0) Seppéld et al., 2011 [207]
-29.48 (15.2) Sutphen et al., 2018 [205]
tau 0.55 (55.0) Seppéld et al., 2011 [207]
-7.11 (4.2) Sutphen et al., 2018 [205]
p-tau -2.20(0.8) Seppala et al., 2011 [207]
-1.65 (0.4) Sutphen et al., 2018 [205]
VILIP-1 -6.31 Sutphen et al., 2018 [205]
YKL-40 1.68 (7.1) Sutphen et al., 2018 [205]
NG -232.43 (58.9) Sutphen et al., 2018 [205]
NFL Sutphen et al., 2018 [205]
MMSE, points -3.00 (2.11) Seppili et al., 2011 [207]
-2.49 (0.3) Sutphen et al., 2018 [205]

Table 10. Annual changes in biomarkers measured in patients with AD.

In regard to the cytokines measured in study lll, it is well known that cytokines have fast dynamics and can

change within hours [208].

Taken together with the findings listed in table 1a and especially 1b, an intervention of 16 weeks should be
sufficient to generate measurable changes in CSF biomarkers of AD (Study |) and synapse loss (Study 1), if
the selected intervention is powerful enough to generate such changes, and results presented in this thesis

suggests it was not.

Limitation in samples and assays used

Most of the assays used in the studies have been commercially available for a long time. The assays are
validated, and only assays appropriate for CSF analysis have been used. Despite that, ELISA assays are only
as good as the antibodies they employ, and lower limit of detection of the assay can influence the study
result immensely, since in a disease state some biomarkers may be reduced well below the limit of
detection. Mass spectrometry analysis could be a way to solve this, however this is a costly and

cumbersome task, unless a well-known library of peptides is used.

Pre-analytic factors
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Samples used in this thesis have been collected in respect of the guidelines described in [209]. However,

there were some variations in time of sampling (although all were done in the morning).

It has been reported that preanalytical factors are responsible for 40-60% of the variability in biomarkers
measurements [210]. Some key issues have been identified for samples collection such as: blood
contamination of the CSF samples, presence of a CSF gradient, fasting state of the patient, and laboratory
procedures regarding collection and storage e.g. collection tubes, aliquot volumes, centrifugation, time
delay for centrifugation, temperature at storage, numbers of freeze/thaw cycles [210]. Many of these have
been addressed and standardized procedures described, and these will not be elaborated on here [209].
Not much is known about preanalytical factors influence in many of the biomarkers assayed in this thesis,

however some of the established influencing factors are described below.

AD diagnostic markers (AB, tau/p-tau): most studies have found no effect of a diurnal variation on these
markers however one study did find an hourly fluctuation in AP levels. This fluctuation was partly
explained due to the use of a filter in the collection procedure, where the AP protein might have stuck to

the surface of [211].

Other biomarkers: Diurnal variations have also been reported as a concern in analyzing the cytokine IL6 in
plasma. In studies of non-neurogenerative related individuals have revealed daily fluctuation in plasma
concentrations of IL6 [212]. In addition, the same study that analyzed the diurnal cycle influence on AD
diagnostic markers, analyzed the biomarkers NG, YKL-40, and VILIP-1, which are included in Study Il in the

thesis, and found no effect [210].

In regards to blood samples, over all sample handling such as delayed centrifugation after collection and
delays in freezing after centrifugation have been shown to markedly reduce the quality of the blood sample

analyses [213].

One way to resolve the issues of preanalytical factors is to 1) unify how samples are collected, treated and
stored, using standard operating procedures and 2) include a ‘house-keeping analyte’, a very stable

biomarker that can act as a ‘golden standard’ for sample quality.

What have we learned and what is the next step
The overall results of the present PhD projects have been negative. However, changes were found in some

of the biomarkers after PA. We found no effect on the markers for AD pathology, and no effect on synaptic
markers either. Modest effects were suggested in inflammation markers, in CSF and plasma, at least

indicating that PA may have an inflammation-reducing systemic effect in patients with AD, and that this
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effect might be transferred to the CNS. In addition, we found some evidence that the patients with AD who

are carriers of the €4 allele of APOE, benefitted more from PA.

The reason for the negative results in our study could be because of inadequate duration of the exercise
intervention or the exercise intensity/load. It could be argued that 16 weeks of PA is not a long enough
intervention to permanently alter the molecular pathology in the brain. Further, any exercise-mediated
effect could be so transient that the effect is not able to manifest itself permanently or that the effect
wears of soon after the subjects stop exercising. We studied that effect of out intervention at the mild
dementia stage, however this may be too late to expect a change in biomarkers reflecting
neurodegeneration, the neurodegeneration may simply be too advanced to respond. Finally, the studies
were exploratory sub studies of a larger trial, and for many of the biomarkers they were probably not

powered to find significant statistical changes.

The future

Metabolism

As described in the section ‘Aims’ and as seen in figure 5, one focus area that is missing is the metabolic
aspect of the effect of PA. We know from previous studies that PA possesses a modifying effect on
metabolism. This should be investigated in our set-up, looking at plasma levels of cholesterol, insulin, and
glucose. We know that elevated levels of these markers are risk factors for developing AD, and in cognitive
healthy subjects, metabolism can be positively modified by PA, however whether this is the case in patients

with AD is unknown and should be investigated

APOQE protein

Another research question could be to investigate the protein product of APOE in plasma and CSF. From a
large Danish cohort study, we know that APOE protein levels are APOE genotype dependent [30]. Figure 12

displays the relationship between APOE and protein product, and a putative effect of PA on APOE levels.

In study IV found some evidence that carriers of the €4 allele benefit more from PA than non-carriers and
taken together with the lower levels of APOE in &4 carriers, we hypothesize that PA might upregulate the
APOE levels to that of non-carriers. Therefore, we suggest measuring changes in APOE levels in plasma and

in CSF, as an effect of PA in our set-up.

60



P for trend

22 ss | I 2z s | I
SR | <z essz |
42 206 I Exerdse 42 2,166 || N 11
a3 2222210 p<1x10°* Y | |
43 1925« IR 43 1025« NILTTHT
e 2164} R'=0.25 SRl \W//141

- B

% & K4 Y .ee 0 3 4 5 0 7 8 O

ApoE (mg/dL) ApoE (mg/dL)

Figure 12. A putative effect pf PA on APOE levels in plasma. A hypothesis based on our finding is, that PA might
upregulate the levels of APOE in plasma in g4 carriers. Figure modified from [30].

MCI as the target

Certain biomarker profiles may be abnormal in MCl stages and may change towards normal values as the

disease progresses into dementia stages [214], moreover the level of the biomarkers may vary throughout

the disease.
Amnestic MCI: Cognitive
AD brain memory problems; decline
changes start other cognitive accelerates
decades before f_unctlons 0K; after AD Intervention
symptoms brain compensates  diagnosis . .
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.
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Figure 13. Hypothetical effect of an intervention at the MCI stage. Perhaps the stage we investigated were too
late to see any changes. However, if an intervention was applied earlier, the decline in cognitive reserve may be
easier reversed (red arrow). Modified picture from www. NIA.org
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This could indicate that physical exercise intervention studies should have the MCI stage as the target, as
pathophysiological events may be more amenable to change at this stage. This is further emphasized by
the findings from studies of PA, where effects on cognition generally have been larger in MCl subjects than
in AD subjects [215]. This could indicate that an intervention at the AD stage is too late to measure real

effective results, and that the intervention should be at the MCl stage instead.

General conclusion

Despite the modest results, we still find physical activity and exercise an attractive add-on to the
pharmacologic treatment for Alzheimer’s disease, and our studies warrants further studies into the effect
of exercise on AD symptoms and/or pathology. And even if a non-pharmacological intervention such as
exercise does not alter the known pathological pathways in AD it can still be relevant for delaying disease
progression by either purely symptomatic effects or by affecting some of the downstream biological
processes. If exercise interventions could delay progression of AD and nursing home placement this would

be of benefit for patients and caregivers but also for society as a whole.
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Abstract

Background: Physical exercise may have some effect on cognition in patients with Alzheimer
disease (AD). However, the underlying biochemical effects are unclear. Animal studies have
shown that amyloid beta (Ap), one of the pathological hallmarks of AD, can be altered with
high levels of physical activity. Aim: The objective of this study was to elucidate the effect of
16 weeks of moderate- to high-intensity physical exercise on the biomarkers of AD, with spe-
cial emphasis on the amyloidogenic pathway. Methods: From a total of 53 patients with AD
participating in the Preserving Cognition, Quality of Life, Physical Health and Functional Abil-
ity in Alzheimer’s Disease: The Effect of Physical Exercise (ADEX) study we analyzed cerebro-
spinal fluid samples for AB species, total tau (t-tau), phosphorylated tau (p-tau) and soluble
amyloid precursor protein (sAPP) species. We also assessed the patients for apolipoprotein E
€4 (ApoE €4) genotype. Results: We found no effect of 16 weeks of physical exercise on the
selected biomarkers, and no effect of ApoE €4 genotype. Conclusion: Our findings suggest
that the possible effect of physical exercise on cognition in patients with AD is not due to
modulation of AB, t-tau, p-tau and sAPP species. © 2016 S. Karger AG, Basel
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Introduction

Dementia prevalence is increasing, affecting more than 45 million people worldwide,
where Alzheimer disease (AD) accounts for approximately 60% of all cases of diagnosed
dementia [1]. AD is characterized by progressive cognitive deterioration, and symptoms
include loss of memory and other cognitive skills, as well as loss of the ability to perform activ-
ities of daily living [ 2]. Pathological hallmarks of AD include extracellular aggregation and accu-
mulation of amyloid beta (AB) peptides into mainly senile plaques in the cortical grey matter,
as well as the hyperphosphorylated form of the protein tau accumulating inside the neurons as
neurofibrillary tangles, signifying subsequent neurodegeneration |3]. Both deposits spread
throughout the brain as the disease progresses [4]. Abnormal biomarkers can be detected
before the emergence of cognitive decline and suggest a causal sequence of events [5, 6].

The effect of pharmacological treatments has so far been limited to symptomatic benefits,
with no new drugs approved in the last decade [7, 8]. Several potentially disease-modifying
compounds targeting Ap are currently in the pipeline, some of which are in phase III clinical
trials. However, acknowledging the continuing lack of effective treatment, there is also a
crucial need to investigate non-pharmacological treatment opportunities.

In animal studies, physical activity seems to improve cognitive performance [9] and even
reduce the deposition of AB in the brain [10-12], and previous human longitudinal cohort
studies have established a connection between physical exercise and reduced risk of AD [13,
14]. Increased physical activity could therefore be a non-pharmacological approach to reduce
AR in the human brain.

The 42 amino acid (aa)-long aggregation-prone A peptide (AB42) is derived from
amyloid precursor protein (APP), which is a type I transmembrane protein expressed in the
cell membrane of neurons and several other cell types, by proteolytic processing involving
B- and y-secretase. This processing pathway is sometimes referred to as ‘the amyloidogenic
pathway’, which may be regarded a misnomer since italso givesrise to a variety of AB peptides
ranging between 17 and 40 aa [15], along with -cleaved soluble APP (sAPP), all of which
are secreted fromthe cell. APP canalso undergo non-amyloidogenic processing by a-secretase,
which results in the release of sAPP«, and by - and a-secretase acting on the same APP
molecule, which results in the release of 13-16 aa-long soluble A species that do not form
plaques [16]. The stoichiometry of sAPPa and sAPPf has not been established; however, itis
speculated thatthey are generated ina 1:1 manner [17]. Physical exercise may exertits effect
by shifting the proteolytic pathway towards the non-amyloidogenic pathway. This can be
expressed as the ratio between sAPPf and sAPPa (sAPPB/«) and the ratio between the
relative expression of the long AB species generated by the amyloidogenic pathway (17-42
aa) in relation to the short AP species generated by the non-amyloidogenic pathway (13-16
aa). Furthermore, the ratio between cerebrospinal fluid (CSF) Ap42 and AB40 (AB42/40) can
be regarded as a marker of the total amyloid load in the brain reflected by amyloid positron
emission tomography (PET) [18-20].

Possession of one or more apolipoprotein E €4 (ApoE €4) alleles is a known risk factor
for developing AD. However, very little is known about the relationship between ApoE geno-
types and the effect of physical exercise on cognition and physical function. Previous studies
have indicated thatindividuals with one or two ApoE €4 alleles have a higher beneficial effect
of physical exercise than ApoE €4 non-carriers [21]. Therefore, we included ApoE genotype
in our study to elucidate the specific genotype contribution to the effect of physical exercise
on AP species, total tau (t-tau) and phosphorylated tau (p-tau).

In a multicentre randomized controlled trial, the Preserving Cognition, Quality of Life,
Physical Health and Functional Ability in Alzheimer’s Disease: The Effect of Physical Exercise
(ADEX)study, we have recently established thatphysical exercise can decrease the progression
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of cognitive dysfunction and neuropsychiatric symptoms in patients with mild AD [22].
However, the underlying molecular mechanisms are not known [23]. A potential mechanism
for the effect of physical exercise in AD could be a reduction in Af plaque formation by modu-
lating the APP processing by a-, 3- and y-secretases. In this study, we investigated the potential
of physical exercise to reduce cerebral A load in persons with AD. Our hypothesis was that
moderate- to high-intensity physical exercise would increase the CSF levels of sAPPa and less
aggregation-prone A species and reduce CSF markers of neurodegeneration (t-tau and
p-tau) in patients with clinically diagnosed mild AD.

Materials and Methods

Participating Subjects

Two-hundred community-dwelling patients with clinically diagnosed mild AD according to NINCDS-
ADRDA criteria [24] and a MMSE >19 were included and randomized to either a control group with treatment
as usual or a group with 16 weeks of three weekly sessions of 1 h duration of moderate- to high-intensity
physical exercise. All subjects donated a blood sample before and after the intervention, and were tested at
baseline and at the 16-week follow-up with a comprehensive battery of tests of cognitive function, activities
of daily function, quality oflife, physical activity and neuropsychiatric symptoms. For details of inclusion and
exclusion criteria and methods, see Hoffmann etal. [25]. From the 200 participating subjects, a subgroup of
56 subjects, recruited from three out of eight centres, had a lumbar puncture performed to collect CSF
samples before and after the intervention. For this sub-study, only subjects with biomarker-positive (CSF
AB42 <550 pg/ml) AD were included.

Intervention

The physical exercise intervention used in this study was an aerobic exercise program consisting of three
weekly sessions of 1 h duration in groups of 2-5 participants, supervised by an experienced physiotherapist.
The first 4 weeks of exercise consisted of an adaption period, and during the subsequent 12 weeks, participants
performed aerobic exercise of moderate to high intensity (in each session a total 3 x 10 min on an ergometer
bicycle, cross trainer and treadmill with 2-5 min rest in between). Heart rate (HR} was monitored during
aerobic exercise, including the rest intervals. Target intensity was 70-80% of maximal HR (220 minus age).

The participants assigned to the control group received treatment as usual. The physical activity of the
control group was not monitored.

Statistics

The baseline characteristics age, MMSE, weight, height and BMI, and the outcome measures at baseline
were compared between the two groups using t tests. The difference in change in outcome from baseline to
the 16-week follow-up between the groups was analyzed in a linear mixed model with a patient random
effect to account for repeated measurement on the same individual. These analyses were done both as
intention-to-treat analysis where all participants were analyzed, and as a per-protocol analysis where only
the subjects that exercised with a mean intensity of >70% of maximal HR and attended >80% of the sessions
(hereafter called high exercise subjects) were included. The significance level was set to 0.05.

Outcomes
The primary outcome measures were group differences in changes from baseline in the CSF concen-
tration of A, t-tau, p-tau, and the two proteolytic isoforms of the Ap precursor protein APPa and .

Sample Material

CSF was collected from atotal of 56 subjects, before and after the intervention. CSF was obtained by lumbar
puncture between 9 a.m. and 2 p.m. and collected in polypropylene tubes. The mean delay from last day of inter-
vention to lumbar puncture was 5.2 (3.7 SD) days for the exercise group and 6.2 (5.4 SD) days for the control
group. After collection, the CSF samples were centrifuged at 2,000 g at 4°C and aliquoted into 250-pl aliquots
in cryotubes, within 2 h of collection, and frozen at -80°C pending analysis as recommended |26]. Furthermore,
ApoE genotype for polymorphism 334 and 472 was included in the analysis according to ApoE &4 allele
possession, by dividing the subjects into ApoE €4 non-carriers (0 4 alleles) or ApoE &4 carriers (1 or 2 alleles).
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Ap Triplex

CSF concentrations of Ap38, AB40, and AB42 were measured using V-plex Peptide Panel 1 Kits Ap38,
AB40,and AB42 (Meso Scale Discovery system, Rockville, Md,, USA) according to the manufacturer’s protocol.
In brief, 60 pl of CSF was diluted 2-fold in diluent provided with the kit. Calibrators and controls were
prepared according to protocol. On a capture-antibody pre-coated 96-well MSD plate, 25 pul of sample, cali-
brator or controls were added followed by addition of 25 pl of detection antibody and incubation at room
temperature for 2 h. Finally, the plate was washed in washing buffer provided with the kit and read in a MSD
imager at appropriate wavelength.

Total Tau

CSF t-tau was measured by the hTAU Ag ELISA assay (INNOTEST, Fujirebio, Japan) according to the
manufacturer’s protocol. On an anti-human tau antibody pre-coated 96-well microtiter plate, 25-ul samples,
controls and standards ranging from 50 to 2,500 pg/ml were added followed by incubation with a bioti-
nylated detection antibody to tau and addition of peroxidase-conjugated streptavidin. The reaction was
developed with tetramethyl benzidine (TMB) chromogen solution and subsequently stopped with 0.9 M
sulfuric acid and quantified at 450 nm in a microplate reader.

Phosphorylated Tau

CSF tau phosphorylated at amino acid 181 (p-tau) was measured by the PIIOSPHO-TAU (181p) ELISA
assay (INNOTEST) according to the manufacturer’s protocol. On an anti-human p-tau antibody pre-coated
96-well microtiter plate, 75-pl samples, controls and standards ranging from 15.6 to 1,000 pg/ml were added
followed by incubation with a biotinylated detection antibody to p-tau and addition of peroxidase-conju-
gated streptavidin. The reaction was developed with TMB chromogen solution and subsequently stopped
with 0.9 M sulfuric acid and quantified at 450 nm in a microplate reader.

Immunoprecipitation Mass Spectrometry of A

Immunoprecipitation mass spectrometry of the full spectrum of Af forms presentin CSF was performed
as previously described |27]. Briefly, 4 pg of the AB-specific antibodies 6E10 and 4G8 (epitope in the
N-terminal region and epitope 18-22, respectively; Signet Laboratories, Inc, Dedham, Mass., USA) were
separately added to 25 pl Dynabeads M-280 (Dynal). The immunoprecipitation was conducted on 940 pl CSF,
to which 10 pl 2.5% Tween-20 (Bio-Rad Laboratories Inc.) had been added. The beads/CSF solution (total
volume 1 ml) was transferred to a KingFisher magnetic particle processor (polypropylene tubes, Thermo
Scientific) for washing and elution in a 5-step procedure. The collected supernatant was dried in a vacuum
centrifuge and re-dissolved in 5 pl 0.1% formic acid in 20% acetonitrile.

The samples were analyzed by MALDI TOF/TOF operating in reflector mode. FlexAnalysis (version 3.3,
Bruker Daltonics) was used for automated integration of the peaks for each spectrum. Prior to the statistical
analysis, the peak areas were normalized to the sum of the integrated peaks, and the relative changes
compared to baseline values were calculated. All solvents used were of HPLC quality. Relative expressions of
the ratio between long AB species (e.g., 17-42 aa) and short AP species (e.g, 13-16 aa) were analyzed as a
surrogate marker for the ratio between aggregation-prone species produced by the amyloidogenic pathway
and the non-aggregation-prone species produced by the non-amyloidogenic pathway.

Soluble Amyloid Precursor Protein a and 8

sAPP« and sAPPB were measured using Human sAPPa and Human sAPP kits, respectively (1BL, Japan)
according to the manufacturer’s protocol. In brief, 100 pl of 1:40 diluted CSF, controls and standards (ranging
from 0.78 to 50 ng/ml) were added to wells of anti-human sAPPa or sAPP antibody pre-coated microtiter
plates and incubated overnight at 4°C. Following incubation, 100 pl HRP-conjugated detection antibody was
added to the wells. The reaction was developed with TMB chromogen solution and subsequently stopped
with 1 M sulfuric acid and quantified at 450 nm in a microplate reader.

Apolipoprotein E Genotyping
DNA was isolated with Promega Maxwell DNA purification kits (Promega, Wis., USA), according to the

manufacturer’s protocol from 250 pl of buffy coat from 6 ml EDTA vials. ApoE genotyping for the €2, €3, and
€4 alleles was performed with a TagMan qPCR assay as described by Koch et al. [28].
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Table 1. Subjects’ baseline characteristics

Controls Intervention p value® lligh exercise  p value®
(n=27) (n=26) (n=18)
Age, years 69.2£3.9 68.1£6.8 0:59° 68.7+7.6 0.84¢
Gender 0.064 0.18¢
Male 21 (60) 14 (40) 10 (32)
Female 6 (33.3) 12 (66.6) 8(57)
Disease duration, years 1.5£1.0 Td#1.0 0.13% 1.2+1.0 0.28¢
MMSE 251.+39 25.5+2.3 0.62¢ 25.0£2.6 0.94¢
Characteristics
Weight, kg T2.74143.7 76.2+16.1 0.40¢ 75.6+17.0 0.54¢
Height, cm 175.7+£8.3 173.449.0 0.33¢ 173.3+8.6 0.37¢
BMI 23.5+£3.7 25.3+4.4 0.11¢ 25.0+4.2 0.20¢
ApoE €4 0.22¢ 0.23¢
0 alleles 11 (20.8) 5(9.4) 2(38)
1 allele 9 (17.0) 13 (24.5) 9 (17.0)
2 alleles 7 (13.2) 8(15.1) 7:(13:2)

Data given as mean + standard deviation or n (%). *Controls versus intervention; ® controls versus high
exercise; independent t test; 4y test.

Results

Baseline Characteristics

From the 200 randomized subjects included in the intervention study, CSF samples were
obtained from 56 subjectsin addition to blood samples from all participants. Of the 56 subjects
with a CSF sample available, 53 met the criteria of CSF AB42 levels below 550 pg/ml. For the
three patients with levels >550 pg/ml, an amyloid PET scan was performed. In all three cases,
the amyloid PET scan was negative, and the patients were excluded. There was no significant
difference in baseline characteristics between the intervention group and control group in
any of the parameters (table 1). Of the 53 subjects, 18 were female (34%), the mean age was
68.7 years, and the mean MMSE score was 25.3. Inthe intervention group, 18 subjects (69.2%)
fulfilled the criteria for high exercise subjects (see Materials and Methods). There was no
significant difference at baseline between the control and the high exercise group.

Baseline CSF Concentrations of AD Biomarkers

The concentrations of AB38/40/42/, t-tau, p-tau, sAPPq, and sAPPf are shown in tables
2 and 3. There was no statistical significant difference in baseline mean concentrations (pg/
ml) of these markers when comparing controls and intervention groups. Furthermore, we did
not find any difference in baseline ratios (Ap42/40 or sAPPf/a) when comparing controls
and intervention group, as seen in tables 2 and 3. Analysis of the relative expression of a
variety of Ap species (long/shortratio analyzed by immunoprecipitation mass spectrometry)
revealed no statistical significant difference at baseline (see table 4).

Effect of Intervention: Intention-to-Treat Analysis

Mean between-group differences in outcomes after 16 weeks of intervention are shown
in tables 2-4. There was no significant difference in changes from baseline to follow-up
between the control and intervention groups in any of the outcome measures. Figure 1
displays the between-group difference (follow-up minus baseline) in outcome measure.
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Effect of Intervention: Per-Protocol Analysis

Dividing the intervention group into low and high exercise subjects did not alter the
results. At follow-up, the high exercise subjects (n = 18) did notdiffer from the control group
in any of the outcome measures (tables 2-4).

Further, analyzing the outcome measures according to ApoE genotype (ApoE €4 non-
carriers versus carriers [1 or 2 alleles]) revealed that only AB40 was significantly altered
in response to physical exercise in the ApoE €4 carriers controls versus high exercise (see
figure 2). The high exercise group had a mean of 4,165.7 pg/ml (SD 1,421.9) at baseline
and 4,020.8 pg/ml (SD 1,247.0) at 16 weeks, while the control group increased from a
mean of 3,720.2 pg/ml (SD 1,221.5) at baseline to a mean of 4,549.3 pg/ml (SD 1,801.9) at
16 weeks.
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Discussion

The current study investigated the effects of physical exercise on A peptides, cleaved
APP subtypes, and the neuronal injury markers t-tau and p-tau. Our study is the first to inves-
tigate the effect of physical exercise on biomarkers of AD in humans in a controlled setting of
16 weeks of moderate- to high-intensity exercise. We found no significant effect of physical
exercise on any of the most frequently applied CSF AD biomarkers, either in an intention-to-
treat analysis of all subjects, or in a per-protocol analysis, where only subjects that adhered
to the exercise program were included.

A limitation of the current study is the sample size. Only 53 subjects were analyzed for
levels of biomarkers in CSF. This low sample size may not have generated enough statistical
power to calculate a significant difference in mean levels. Another issue is the duration of the
exercise intervention. In a recent review, multiple exercise interventions in dementia or mild
cognitive impairment (MCI) patients were reviewed [23]. The intervention ranged from a
single burst of exercise to an exercise period duration of 26 weeks, with various, mostly non-
significant effects on biomarkers. In our study the intervention was 16 weeks, which might
not be long enough to see a significant alteration in AB and tau. Furthermore, there was a
small time lag from the last exercise session to the date of lumbar puncture of 5.2 days (SD
3.7) and 6.2 days (SD 5.4) for the exercise group and control groups, respectively. If the effect
of physical exercise on AD pathology is transientor only present when the individuals exercise
regularly, the effect may have been attenuated at the time of sampling.

One of the strengths of our study was the good adherence to the study in general (96%)
and a good per-protocol adherence (69%) to the targeted exercise intensity of over 70% of
maximal HR. All exercise was supervised by professional and experienced trainers, and the
levels of activity were additionally monitored by pulse watches.

When the ApoE €4 genotype status was included in the analysis, the mean change from
baseline in CSF AB40 concentration was significantly lower in the high exercise ApoE e4
carrier group compared to ApoE €4 carrier controls. ApoE status has been associated with
higher amyloid deposition in the brain and is a known risk factor for developing AD [29].
Previous studies of the effect of exercise according to ApoE genotype have indicated that
cognitively healthy ApoE &4 carriers (with low expression of the APOE protein) have greater
benefit of a physically active lifestyle [29] and a protective effect on hippocampal atrophy
[30]. However, a recent study in ApoE knockout mice suggested that exercise could not
reverse age-related neurovascular dysfunction in contrast to mice with normal levels of APOE
expression [31]. Our results indicated that high exercise ApoE €4 carriers had no changes in
levels of AB40 in CSF after 16 weeks of exercise, compared to control ApoE &4 carriers. This
indicates that in ApoE g4-positive subjects, compliant exercise may protect against a generic
increase in AB40. Although this single significant finding should be treated with caution, it
contradicts the notion that moderate- to high-intensity physical exercise increases the
amyloid excretion to the CSF in ApoE carriers. If physical exercise is more effective in reducing
brain amyloid burden in healthy aged ApoE €4 carriers, our study suggests that other mecha-
nisms should account for any clinical effects of exercise in AD.

Our findings are in disagreement with previous studies in animal models for AD. Both Ap
and p-tau have been shown to be reduced in the brain tissue as a response to moderate-
intensity exercise in transgenic (Tg) mice models for AP and tau, respectively [10, 32]. Tg AD
mouse models have in general acceptable translatability to AD in humans [3, 33]; however,
there have been numerous drugs and intervention studies showing reduced amyloid burden
in mice but not in AD patients. The amyloid mouse models that were used in the studies of
Um etal. [12] and Adlard et al. [10] are Tg overexpressing APP [34, 35]. The overexpression
of proteins in models raises some concerns regarding protein integrity, such that overex-
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pression of proteins in itself could be toxic for the cells, and cell toxicity therefore is not
protein specific. In addition, overexpression generates vast amounts of protein that could
enable an unrepresentative large detectable reduction in protein levels in intervention
studies. Furthermore, the Tg NSE/APPsw mouse model used by Um et al. [12] does not
develop plaques, as seen in human patients with AD [36]. The abovementioned concern
suggests that the different pathology of A in the mouse makes direct comparison of the effect
of an exercise intervention between humans and animal models less valid and could account
for the disagreement between our findings and previous animal findings.

In the present study, we assumed that decreased amyloid accumulation in the brain
would be reflected in an increased clearance of AB from the brain to CSF. However, physical
exercise may not lead to an increased clearance via the CSF, but to an increase in on-site
clearance by proteases. Previous studies have found that the enzymes insulin-degrading
enzyme and neprilysin may contribute to the clearance of AB [37, 38]. A recent study found
that exercise trainingreduced extracellular, soluble Af in the brains of Tg2576 mice in adose-
dependentmanner through an upregulation of A clearance caused by an induction of insulin-
degrading enzyme and neprilysin [39]. Whether a similar mechanism occurs in humans
remains to be investigated. However, mass spectrometry analysis of the relative expression
of several AP peptides did not show any differences in the levels between controls and the
intervention group. This could indicate that AP is not cleared on site, or that the clearance is
not detectable with our methods (e.g., AB species shorter than the AB1-13).

Lately, trials with antibody treatmentand immunizations against A have tried to prevent
plaque formation, although without overwhelmingly positive results [40]. A target in
preventing Af plaque formation is the prevention of production of Ap peptides thatare prone
to aggregate. We analyzed whether physical exercise had the potential to shift APP processing
towards the non-amyloidogenic pathway by analyzing the sAPPa and f forms and the ratio
between sAPPp and «. We did not find a significant difference in the sAPPB/a ratio in our
study. Since the generation of the short Ap peptides AB1-15/16 are dependent on «- and
[-secretase activity (non-amyloidogenic pathway), while the longer Ap peptides (e.g, AB42)
are generated by combined action of - and y-secretase [41, 42], we also analyzed whether
the ratio between long and short Ap peptides was affected by physical exercise. We found no
significant difference in the mean ratios indicating that physical exercise does not seem to
influence the cleavage of APP towards the non-amyloidogenic pathways. Further, there was
no relative increase in C-terminally truncated A peptides, e.g., AB1-37 and Ap1-38, that are
thought to be markers of beneficial y-secretase modulation.

The subjects in this study and in previous studies had already reached the dementia stage
(see Jensen etal. [23] for review). An intervention to reduce amyloid plaque formation might
be more effective several years before the fulfillment of criteria for dementia, since AR plaque
formation precedes neurodegeneration and cognitive dysfunction. In a study by Baker et al.
[43], there was a trend indicating that physical exercise could alter the levels of Ap in plasma
in MCl subjects, though this finding was notsignificant. However, Nascimento et al. [44] found
that physical exercise had a positive effect on markers of inflammation and on cognition in
patients with MCI. One could speculate that the beneficial effect of physical exercise on
cognition is related to alterations in the inflammation profile or pathophysiological pathway
in very early AD.

In conclusion, the molecular mechanisms behind the clinical effects of a 16-week exercise
intervention in patients with mild AD could not be explained by modulation of AB or tau levels
in the CSF. More studies investigating other pathological pathways, including neuroinflam-
mation, synaptic plasticity dysfunction, and oxidative stress, will hopefully establish whether
physical exercise has a direct disease-modifying effect in AD.
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Abstract

Keywords:

Introduction: Physical exercise has gained increasing focus as a potential mean to maintain cogni-
tive function in patients with Alzheimer’s disease (AD). Alongside the markers of specific AD pathol-
ogy (amyloid B and tau), other pathologies such as neuronal damage and synaptic loss have been
proposed as markers of the disease. Here, we study the effect of physical exercise on biomarkers
of neuronal and synaptic integrity.

Methods: Cerebrospinal fluid (CSF) from 51 AD subjects who participated in the randomized
controlled trial Preserving Cognition, Quality of Life, Physical Health and Functional Ability in Alz-
heimer’s Disease: The Effect of Physical Exercise (ADEX) was analyzed for the concentration of
neurofilament light (NFL), neurogranin (Ng), visinin-like protein-1 (VILIP-1), and chitinase-3—
like protein 1 (YKL-40). Participants were subjected to either 16 weeks of moderate- to high-
intensity exercise (n = 25) or treatment as usual (control group, n = 26), and CSF was collected
before and after intervention.

Results: No significant differences in CSF concentrations of VILIP-1, YKL-40, NFL, and Ng were
observed when comparing mean change from baseline between the exercise and control groups. Simi-
larly, when classifying subjects based on their exercise levels, no significant changes were observed
for the biomarkers in the control group compared with the high-exercise group (attending 80% of the
exercise sessions with an intensity of 70% of maximum heart rate or above).

Discussion: These results are not supportive of a modulatory effect of physical exercise on the
selected biomarkers of neuronal and synaptic integrity in patients with AD.

© 2017 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Alzheimer’s disease; Physical exercise; Biomarkers; Synapses; Neurons; Stability

1. Introduction

The molecular pathological mechanisms behind
Alzheimer’s disease (AD) have been studied for decades.
Although the exact mechanisms are still not quite clear, accu-
mulation of amyloid B 42 (AP42) is an early pathological
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hallmark that interacts with and/or promotes neurodegenera-
tion without being directly linked to clinical symptoms [1].
One key feature of neurodegeneration in AD is neuronal
and synaptic loss that better reflects AD progression and
cognitive decline [1-3]. Studies in transgenic animals
suggest effects of physical exercise on neurogenesis,
cognition, and amyloid deposition [4]. Further, epidemiolog-
ical studies suggest that higher physical activity may reduce
the risk of dementia in late life [5], and some intervention
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studies in elderly suggest that participation in physical
activity and cognitive training may reduce future cognitive
decline [6]. However, these studies have investigated
possible effects on risk of dementia and cognitive decline
in general and have not used any biomarkers to diagnose
AD or specifically study effects on AD pathophysiology.
Furthermore, in an effort to arrest the decline in cognitive
function (CF) and loss of activities of daily living,
nonpharmacological approaches have been investigated. In
the randomized clinical trial “Preserving Cognition, Quality
of Life, Physical Health and Functional Ability in
Alzheimer’s Disease: The Effect of Physical Exercise
(ADEX) study,” we analyzed the effect of 16 weeks
moderate- to high-intensity physical exercise (EXE) in
patients with AD on a cognitive [7], functional [8], and
molecular level [9]. Despite some effect on clinical
symptoms such as processing speed and neuropsychiatric
symptoms [7], we found no effect of EXE on levels of AB,
tau, and phosphorylated tau (p-tau) in cerebrospinal fluid
(CSF) [9]. Therefore, we sought to investigate downstream
molecular processes that potentially could be influenced by
EXE. In this study, we investigated the effect of EXE on
molecular markers of AD neurodegeneration in CSF from
patients with AD participating in the ADEX study. This is
not a study on the potential diagnostic value of these markers
as in cross-sectional study, however an explorative study on
modulating effects of selected markers on exercise.
Neurofilament light (NFL) is a marker of damage to
large-caliber myelinated axons, and elevated CSF levels
have been associated with cognitive deterioration and
structural changes in the white matter and brain atrophy in
patients with AD [10]. Elevated CSF NFL is not a specific
AD marker, and CSF NFL levels do not correlate with
AP42 levels, indicating that the changes in NFL are not
driven by AP42 pathology [10]. Similar to NFL, CSF
neurogranin (Ng) levels do not correlate with AR42 levels
in patients with mild cognitive impairment (MCI) and AD
[11,12]. The synaptic protein Ng is released to the CSF
from the synapses, which is an early event in the
pathogenesis of AD. This also makes Ng a candidate
marker for early AD diagnosis. Alongside this, Ng
possesses the ability to differentiate patients with MCI who
progress to AD (elevated Ng levels) and patients with MCI
who remain stable (low levels of Ng) [11.12]. Just as Ng,
the biomarker visinin-like protein-1 (VILIP-1) has shown
potential as a marker of MCI progression to AD [3].
VILIP-1 is abundantly expressed in the brain and is
excessively released because of neuronal degradation [13].
Although increased CSF levels of VILIP-1 are not specific
to AD, they have shown to correlate well with AD
progression and pathology |3 ]. The microglia derived protein
YKL-40’s role in AD is not fully elucidated. It is speculated
that YKL-40 increases with neuroinflammation [14].
However, apart from AD, increased levels have been found
in CSF after stroke, other neurological disorders, and
normal aging [14-17]. This indicates that YKI.-40 is more
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a general marker of neuroinflammation/astroglial activation
secondary to many different etiologies, including AP
pathology [18].

We hypothesized that the concentrations of markers of
neuronal and synaptic damage and astroglial activation
would decrease in CSF in patients with AD as an effect of
moderate- to high-intensity EXE, because of stabilizing ef-
fects of EXE on neurons, synapses, and astrocytes, resulting
in less neurodegeneration and inflammation and thereby lead
to less release of the selected biomarkers in CSE.

2. Methods
2.1. Study population

Two-hundred community-dwelling patients with clini-
cally diagnosed mild AD according to National Institute of
Neurological and Communicative Disorders and Stroke and
the Alzheimer’s Disease and Related Disorders Association
(NINCDS-ADRDA) criteria [19] and a Mini-Mental State
Examination >19 were included and randomized to either a
control group with treatment as usual or a 16-week 60-
minute three times per week moderate- to high-intensity aer-
obic physical exercise (treadmill, stationary bike, and cross-
trainer) group, in groups of four to six subjects per group
with an educated trainer. For detailed description of the inter-
vention used and study participant enrollment, see Hoffmann
etal. [7, 20]. All subjects donated a blood sample before and
after intervention and were tested at baseline and at 16 week
follow-up with a comprehensive battery of tests of CF, activ-
ities of daily function, quality of life, physical activity, and
neuropsychiatric symptoms. For details of inclusion and
exclusion criteria, methods for inclusion, and cognitive and
physical tests, see Steen Jensen et al. [9]. A subgroup of 56
subjects recruited from three of eight centers had a lumbar
puncture performed to collect CSF samples before and after
intervention. Samples where centrifuged on acquisition at
2000 g and stored in 250 pL aliquots at —80°C until use.
The baseline characteristics of the study population can be
seen in Table 1.

2.2. Samples

CSF samples from 51 patients of the 56 possible CSF
samples, subjected to 16 weeks of moderate- to high-
intensity EXE (exercise group) or treatment as usual (control
group), were analyzed for the concentration of Ng (UniProt
#: Q92686), VILIP-1 (UniProt #: P62760), NFL (UniProt #:
P07196), and YKL-40 (UniProt #: P36222), at baseline and
16 weeks follow-up.

2.3. Assays

CSF Ng concentration was measured using a previously
published in-house Meso Scale Discovery assay as pub-
lished in Kvastberg et al. [21] and De Vos et al. [22].
Commercially available kits were used for measuring the
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Table 1
Baseline characteristics of the study cohort

Controls (n = 26) Intervention (n = 25) P-value* High exercise (n = 16) P-value
Age,y' 68.9 (8.05) 68.2 (6.94) 211 68.3 (7.71) .60"
Gender, n (%) 15 A3
Male 19 (73) 13 (52) 8 (50)
Female 7(27) 12 (48) 8 (50)
Characteristics
Disease duration, y' 1.7 (1.09) 1.1 (0.97) A1 1.3 (1.00) .23
MMSE' 25.4 (3.66) 25.4 (2.96) 29° 249 (2.80) .16
Education level, y* 13.0 (2.96) 13.4 (2.81) 622 13.4 (2.73) 665"
BMI 23.3 (3.56) 25.3 (4.42) 24 25.1 (4.37) .21
Medication
Alzheimer’s medication users 23 25 .08 16 216/
Antidepressive users 6 5 789 3 .945]|
Antipsychotic users 1 0 322 0 612/
Baseline outcome measure
NFL (pg/mL) 1494.9 (634.85) 1392.1 (467.19) 42 1487.3 (469.89) 45
Ng (pg/mL) 524.4 (292.66) 628.2 (338.68) 42 660.3 (371.27) 28
YKL-40 (ng/mL) 168.4 (66.7) 181.0 (11.8) 28 187.7 (17.2) .16
VILIP-1 (pg/mL) 98.5 (70.3) 113.1 (74.1) 95' 111.1(73.9) .83

Abbreviations: BMI, body mass index; MMSE, Mini-Mental State Examination; NFL, neurofilament light; Ng, neurogranin; YKL-40, chitinase-3-like pro-

tein 1; VILIP-1, visinin-like protein-1.
*Controls versus intervention.
'Controls versus high exercise.
*Given as mean = standard deviation.
SIndependent -test.
I Chi-squared test.

concentrations of VILIP-1 (Human VILIP-1 ELISA; Bio-
Vendor GmbH, Heidelberg, Germany), NFL (NF-light
ELISA; IBL international, Hamburg, Germany), and YKL-
40 (Quantikine ELISA Human Chitinase-3-like 1; R&D
systems, MN, USA) by following the manufactures enclosed
procedure, in technical duplicates. All measurements per
assay were performed in one round of experiments using
one batch of reagents for each biomarker by board-
certified laboratory technicians who were blinded to clinical
data.

2.4. Statistics

The baseline characteristics were compared between the
two groups using #-tests. The baseline versus follow-up con-
centrations were analyzed using paired #-test within each
group, respectively, and the mean change from baseline in
CSF biomarker concentrations was analyzed by Student
t-test. These analyses were done both as an intention-to-
treat analysis where all participants were analyzed and as a
per-protocol analysis where only the subjects that exercised
with a mean intensity of >70% of maximal heart rate (HR)
and attended > 80% of the sessions (high-exercise subjects)
were included. The significance level was set to .05. No post
hoc statistics were used.

3. Results

There were no significant differences in baseline charac-
teristics between control and intervention groups (both all
and high-exercise subjects) and in concentrations of
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VILIP-1, NFL, Ng, and YKL-40 in CSF between the inter-
vention group and control group (Table 1). Furthermore,
there was no significant difference at baseline between con-
trol and the high-exercise group with regard to the concen-
trations of VILIP-1, NFL, Ng, and YKL-40, as shown in
Table 1. There was no statistical significant difference in
the concentration of the biomarkers in CSF between baseline
and 16 week follow-up in the two groups, respectively, see
Fig. 1, or in means change from baseline comparing the
two groups. Fig. 2 displays the relative difference between
the groups in percent ([follow-up minus baseline]/baseline)
X 100 in the biomarkers measured. In three out of four bio-
markers analyzed, there was a trend in relative change from
baseline toward an increased level in CSF after 16 weeks of
intervention in the exercise group. However, the variation in
the changes in both groups was large. From the controls,
group coefficient of variation (CV) was calculated for each
assay, to check assay stability. The assay CV ranged from
3% to >30% (NFL: 17.9, Ng: 8.6, YKL-40: 2.9, and
VILIP-1: 32.3).

4. Discussion

In this study, we investigated the effect of an intervention
of 16 weeks of moderate- to high-intensity EXE in patients
with AD on selected biomarkers of neuronal and synaptic
integrity and neuroinflammation. The biomarkers investi-
gated in this study are all found in CSF under normal phys-
iological conditions, and the levels found correspond well
with findings in previous studies [10,14,16,23].
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Fig. 1. Spaghetti plots of concentration of biomarkers in cerebrospinal fluid at baseline and at 16 weeks follow-up in outcome measures. (A) Neurofilament light
(NFL), (B) neurogranin (Ng), (C) chitinase-3-like protein 1 (YKL-40), and (D) visinin-like protein-1 (VILIP-1). B: Baseline and F: 16-week follow-up.

Increased CSF levels of the biomarkers NFL, Ng,
YKL-40, and VILIP-1 have been found in AD and
correlate with neurodegeneration, suggesting a potential
use as a surrogate marker of synaptic and neuronal loss
[3.22-24]. Exercise and physical activity have been
linked to cognitive preservation and structural and
functional neuronal changes in humans [25]. However,
the underlying neurobiology is unknown. To gain new
insight into the molecular pathology in AD and possible
changes with physical exercise, several pathophysiological
pathways can be explored. The markers selected in this
study are recently investigated biomarkers of AD, and
very little is known of their ability to reflect changes in
the rate of neurodegeneration.

We hypothesized that EXE would have a stabilizing ef-
fect on the neurons and a dampening effect of astroglial acti-
vation resulting in less release to the CSF of the biomarkers
investigated. However, we found no significant effect of
EXE on our selected biomarkers. In a previous study, we
also did not find effect on AP species and tau/p-tau [9].
These markers, however, may provide novel insight into
AD pathology and its progression [16.18.26]. The
biomarkers reflecting specific AD pathology in CSF (AP
and tau/p-tau) change over the disease course in a pattern
that does not reflect neurodegeneration in a simple way mak-
ing them less suitable for longitudinal markers of disease
progression [27,28]. Because synaptic integrity plays a
central role in CF and synaptic loss has been shown to
correlate well with cognitive decline [29], biomarkers of
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synaptic function may be of value in monitoring neurode-
generation, not only in AD but also in other neurodegenera-
tive diseases [29].

As mentioned earlier, the studied biomarkers could be
target biomarkers for measuring neurodegeneration in pa-
tients with AD, including effects of drug candidates and in-
terventions on AD pathophysiology. However, no changes
were found in biomarker levels in our 16-week aerobic exer-
cise intervention. The most straightforward interpretation of
these results is that they do not support any modulatory ef-
fect of physical exercise on AD pathophysiology, as
measured by selected biomarkers of neuronal and synaptic
integrity. The lack of a modulating effect of exercise on
our selected biomarkers might have other explanations. An-
imal studies in mice suggest that environmental stimulation,
including access to running wheels, improved cognition and
resulted in significant higher levels of brain Ng [30]. This
discrepancy may be because of full-length Ng is measured
in the brain, whereas in the CSF, there are several endoge-
nous cleavage products of Ng measured [21]. Also
YKL-40 has previously been studied in relation to exercise.
In a human study, the postexercise serum concentration of
YKL-40 was found to be upregulated both in RNA expres-
sion and in circulating protein concentration [31]. However,
in that setting, the elevated YKL-40 levels may have been
because of muscle contraction. One animal study found
that synapse-plasticity proteins, including NFL, were upre-
gulated in exercising rats [32], and previous studies have
shown that exercise promotes neurogenesis in the adult
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Fig. 2. Scatterplot of relative changes from baseline to 16 weeks follow-up in outcome measure in percent. (A) Neurofilament (NFL), (B) neurogranin (Ng), (C)
chitinase-3-like protein 1, and (D) visinin-like protein-1 (VILIP-1). Closed squares: controls, open circles: exercise group, and closed circles: high exercise.

Displayed as mean with 95% confidential interval.

mouse brain [33.34]. Taken together these animal studies
suggest that exercise has a beneficial effect on synaptic
and neuronal integrity thereby promoting brain plasticity.
The reason for the negative results in our study could be
because of insufficient duration of the exercise. It could be
argued that 16 weeks of EXE is not a long enough
intervention to permanently alter the synaptic function in
the brain. Furthermore, any exercise mediated effect on the
synaptic level in AD could be so transient that the effect is
not able to manifest itself permanently or that the effect
wears of as soon as the subjects stop exercising. In addition,
information on changes of these biomarkers with
interventions or longitudinal changes is scarce. At the stage
of the disease in which the subjects included in this study
were studied, we do not know if it is reasonable to expect
changes in biomarkers reflecting neurodegeneration. The
neurodegeneration may be too advanced for a signal to be
picked up, if only subpopulations of neurons respond to EXE.

A further limitation of our study is the small number of
subjects. We had CSF available from 51 patients, of which
26 were randomized to the control group. Of the 25 exercise
participants, 16 met the criteria “high-exercise subjects.” Re-
stricting the analysis to high-exercise subjects compared
with controls, did, however, not change the overall negative
findings. However, a power calculation (80% power) showed
that we had sufficient subjects in each group for detecting a
10% change in CSF concentration, based on the previous
studies, for Ng (eight subjects needed), YKL-40 (four sub-
jects needed), and NFL (nine subjects needed). Only our
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VILIP-1 measurement is underpowered because 37 subjects
were needed to display a 10% changes in CSF concentration.
From Fig. 1 and the interassay CV, we can conclude that the
assays are fairly stable, and results are reproducible.

The use of EXE as a therapeutic approach for AD and
other dementias is an attractive add-on to conventional med-
ical treatment, and there seems to be a positive effect on
cognition [35]. The underlying effect is, however, largely
unknown [36], and more attention must be paid to the molec-
ular mechanism to understand and optimize this type of
treatment. Therefore, more studies investigating the effect
of type and length of physical exercise are needed to eluci-
date the molecular effect of EXE in AD.
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1. Systematic review: Based on our previous finding in
other areas of the effects of physical exercise bio-
markers, we know that there is a beneficial effect of
physical exercise on memory, neuropsychiatric
symptoms, and physical function. However, we
have not found the underlying molecular mechanism.

. Interpretation: We interpret our results as a clue to
finding the molecular mechanism, in understanding
effect of exercise in patients with Alzheimer’s dis-
ease (AD). Although our results are not a positive
find, we now know more exercise as a stabilizing
agent on synapse stability and integrity.

. Future directions: The overall conclusion is that exer-
cise does have a beneficial effect on the selected bio-
markers; however, we recommend further studies in
other areas affected by AD that could be implicated
in the effect of physical exercise.
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Abstract

Background: Neuroinflammation is recognized as part of the pathological progression of Alzheimer’s
disease (AD), but the molecular mechanisms are still not entirely clear. Systemically, physical exercise has
shown to have a positive modulating effect on markers of inflammation. It is not known if this general
effect also takes place in the central nervous system in AD. The aim of this study was to investigate the
effect of 16 weeks of moderate to high-intensity physical exercise on selected biomarkers of inflammation

both systemically and in the CNS, in patients with AD.

Methods: Plasma and cerebrospinal fluid (CSF) from 198 patients with Alzheimer’s disease participating in
the Preserving Cognition, Quality of Life, Physical Health and Functional Ability in Alzheimer’s Disease: The
Effect of Physical Exercise (ADEX) study were analyzed for concentrations of 8-isoprostane, soluble trigger
receptor expressed on myeloid cells 2 (STREM2), and the MSD v-plex proinflammation panel 1 human
containing interferon gamma (IFNy), Interleukin-10 (IL10), IL12p70, IL13, IL1B, IL2, IL4, IL6, IL8, and tumor
necrosis factor alpha (TNFa), before and after a 16-week intervention with physical exercise, and we

studied whether changes were modulated by the patients’ APOE genotype

Results: Most inflammatory markers remained unchanged after exercise. We found an increasing effect of
16 weeks of physical exercise on STREM2 measured in CSF. Further, IL6 in plasma increased in the exercise
group after physical exercise (mean relative change 41.03, SD 76.7), compared to controls (-0.97, SD 49.4).
In a sub-analysis according to APOE genotype, we found that in &4 carriers, exercise had a stabilizing effect
on IFNy concentration with a mean relative change of 7.84 (SD 42.6), as compared to controls (114.7 (SD

188.3), p=0.038.

Conclusion: Our findings indicate an effect of physical exercise on markers of neuroinflammation in CSF
measured by an increase in STREM2 in patients with AD. Further, there may be a small inflammatory

systemic effect related to physical exercise in patients with AD.

Keyword:

Alzheimer’s disease, physical activity, exercise, biomarkers, inflammation, CSF, plasma,
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Background

Physical activity (PA) has been shown to have a positive modulatory effect on systemic inflammation by
reducing pro-inflammatory cytokines, increasing anti-inflammatory cytokines [1,2], and modulating reactive
oxygen species (ROS) both in young and older adults [3-6]. [7]. Inflammation is an important part of the
pathophysiology of Alzheimer’s disease (AD) [8,9], however, the precise pathological mechanism behind
the contribution of inflammation to the pathological progression of the disease is largely unknown. It is
thought that prolonged stress activation of microglia due to amyloid  (AB) plaque formation, can result in
the development of a harmful (inflammation-promoting) increase in cytokines, chemokines and ROS [10].
Whereas longitudinal cohort studies show an association between higher levels of PA and a reduced risk of
cognitive decline and dementia [11], there is limited evidence for an effect of PA on AD biomarkers [12,13] .
However, PA has been shown to slow down hippocampal atrophy in healthy elderly [14], change specific
AD biomarkers in a favorable way in healthy subjects at risk of AD [15], and improve cognition in older
adults with mild cognitive impairment [16]. It is therefore likely that PA may slow down the clinical
progression of AD by reducing harmful inflammation, promoting beneficial myokines and reducing systemic

metabolic risk factors of AD, e.g., insulin resistance and hypercholesterolemia [17]

In this study, we wished to analyze the effect of 4 months of moderate to high-intensity physical exercise in
patients with AD, on markers of different inflammatory processes in cerebrospinal fluid (CSF) and plasma.
We employed a general pro-inflammatory cytokine panel, which also includes anti-inflammatory cytokines
and growth factors. Furthermore, we chose a marker of microglia activation due to cellular stress, which
has been linked to AD risk, soluble trigger receptor expressed on myeloid cells 2 (STREM2) [18-20] and 8-
isoprostane, a marker of oxidative stress and lipid peroxidation [21,22]. In addition, we determined the
single nucleotide polymorphism (SNP) rs75932628-T, which has been linked to genetic higher levels of
STREM2 in CSF and higher risk of developing AD [23,24].

We hypothesized that PA would have an upregulating effect on anti-inflammatory cytokines, and down-
regulating effect on pro-inflammatory cytokines. Further, we analyzed whether PA exhibited modulating
effects on markers of microglia activation and ROS, measured via STREM2 and 8-isoprostane respectively.
Finally, we analyzed whether the apolipoprotein E (APOE) genotype influenced the impact of PA on

inflammation.
Material and methods

Study population
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One hundred and nighty eight home-dwelling patients with clinically diagnosed mild AD according to
NINCDS-ADRDA criteria [25] and an MMSE >19 were enrolled in the multicenter "Preserving Cognition,
Quality of Life, Physical Health and Functional Ability in Alzheimer’s Disease: The Effect of Physical Exercise’
or in short, the ADEX study. For a detailed description of the study, please see [26]. In short, patients with
mild to moderate AD were randomized to either a control group with treatment as usual or a 16-week 60
min three times per week moderate-to-high intensity aerobic physical exercise (treadmill, stationary bike,
cross trainer) group. Subjects were tested at baseline and at 16-week follow-up with a comprehensive
battery of tests of cognitive function, Activities of Daily Function, Quality of Life, physical activity and

neuropsychiatric symptoms.

Primary and secondary clinical outcomes have previously been published showing an effect of physical
exercise on neuropsychiatric symptoms as well as on cognitive and physical function [27,28]. Before and
after the intervention, blood samples were collected from all subjects, and CSF was collected from a
subgroup of patients. The baseline characteristics of the whole study population and the CSF subgroup are

shown in table 1.
Samples

A total of 198 patients participated in the study, all gave blood samples, and 58 patients donated CSF
samples. Due to technical reasons, not all analytes were measured in all the patients. CSF STREM2 was
measured in 55 samples (27 controls and 28 exercise). Paired plasma and CSF cytokine profile was
measured in 51 samples (27 controls and 24 exercise) with the MSD v-plex proinflammation panel 1
human. CSF 8-isoprostane was measured in 55 samples (28 controls and 27 exercise) and in 187 plasma
samples (87 controls and 100 exercise). All samples were collected and processed according to

international guidelines [29].
Assays

Commercially available kits were used for measuring the concentrations of plasma and CSF cytokines
containing interferon gamma (IFNy), Interleukin-10 (IL10), IL12p70, IL13, IL1B, IL-2, IL4, IL6, IL8, tumor
necrosis factor alpha (TNFa) (MSD v-plex proinflammation panel 1 human, Meso Scale Discovery, MA,
USA), and plasma and CSF 8-isoprostane (8-isoprostane ELISA kit, Cayman Chemicals, MI, USA) by following

the manufacturers’ enclosed procedure, in technical duplicates.

CSF sTREM2 was measured with an in-house MSD assay. In short, to streptavidin-coated 96-well plates

(Meso-Scale discovery (MSD) a biotinylated polyclonal goat anti-human TREM?2 capture antibody (0.25
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pg/ml R&D Systems BAF1828) was bound, and subsequently incubated with the CSF or a standard protein
solution constructed from recombinant human TREM2 protein (4000 -62.5pg/ml Sino Biological Inc. 11084-
HO8H). Further, a detector antibody, monoclonal mouse anti-human TREM2 antibody (1pg/ml Santa Cruz
Biotechnology; B-3, sc373828), was added, and thereafter incubated with a secondary antibody (SULFO-
TAG-labeled anti-mouse secondary antibody, MSD). Lastly, the plates were developed by adding MSD Read
buffer and the light emission measured using the MSD SECTOR Imager 6000. The concentration of STREM2
was calculated using a five-parameter logistic curve fitting method with the MSD Workbench software
package. Intra-assay coefficients of variation (CVs) were < 10%, and all samples were measured on the
same day using the same reagents. TREM2 genotype for SNP rs75932628-T was analyzed using TagMan
assay (TagMan SNP assay MTO human SMC_100657057_10, Life Technologies, CA, USA).

Concentration change calculations

The changes in concentration of the biomarkers measures, were presented as relative change from

baseline and calculated as

[Foltow up]—[Baseline]
[Baseline]

* 100 = relative change from baseline

This calculation was used to take into account marginal levels at baseline (very low or very high levels).
Further, it gives more emphasis on small changes in individuals with smaller baseline levels, than small
changes in individuals with higher baseline levels. As a result, relative change from baseline < 0, equals
lower concentration at follow up. Relative change from baseline = 0, equals no difference concentration at

follow up compared to baseline. Relative change from baseline > 0, equals higher concentration at follow

up.
Statistics

The baseline characteristics were compared between the two groups using t-tests. The baseline and follow
up concentrations were analyzed using paired t-test within each group respectively, and the mean relative
change from baseline in biomarker concentrations was analyzed by Student’s t-test. These analyses were
done both as an intention to treat (ITT) analysis where all participants were analyzed, and as a per-protocol
analysis where only the subjects that exercised with a mean intensity of > 70% of maximal heart rate (HR)
and attended > 80% of the sessions, were included, this sub-group is called high exercise group, and
consists of 66 subjects from the exercise group [26,27]. Additionally, linear regression between BMI at

follow up and change from baseline was performed for the cytokine panel. Furthermore, the APOE
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genotype contribution to the effect on the biomarkers was analyzed in non-carries versus carriers of the AD

risk relevant €4 allele. The significance level was set to 0.05 and outlier analysis was performed.
Results

Baseline characteristics in the control group, exercise group, and high exercise sub-group were comparable,
as shown in Table 1. Body Mass Index (BMI) was slightly, but significantly higher in controls versus exercise
group, and disease duration in the high exercise sub-group was slightly shorter as compared to the control
group. Table 1B displays the baseline characteristics of the groups and high exercise sub-group with CSF
samples and in these sub-groups, no differences were found between controls and exercise subjects.
Further, there was no difference in baseline levels of any of the analytes when comparing controls to

exercise, and controls to the high exercise group (data not shown).

Over all, most of the analyzed biomarkers were not affected by PA, and remained stable over the
intervention period, see table 2. However, when analyzing relative change from baseline, the IL6 plasma
concentration increased significantly in the exercise group compared to the control group with a mean
change from baseline at 41.03 (SD 76.7) compared to -0.97 (SD 49.4) in the control group (p= 0.049). When
analyzing the high exercise group vs controls, the same outcome was found with a mean change of 48.01
(SD 85.8) and -0.97 (SD 49.4), respectively (p=0.047). Similar results with borderline significance were found
for STREM2 in CSF. Here, STREM2 mean relative change from baseline was 6.9 (SD 14.0) in the high exercise
group compared to -2.4 (SD 13.8) in controls, (p=0.05). TREM2 SNP assay showed no genotype that

corresponds with genetically altered sSTREM2 levels.

Furthermore, analysis whether BMI at follow up and relative change from baseline were correlated showed
significant correlations between BMI and relative change in IFNy in CSF and in TNFa in plasma. Further
analysis with exercise as a groups variable showed that in CSF IFNy the correlation was due to BMI and
independent of randomization group (p=0.017). The same result was in plasma TNFa (p=0.03). In plasma
IL6 there was not an overall correlation between BMI and relative change in IL6 however, analysis with
groups variable showed a significant effect of exercise and not BMI (p=0.04) on the relative change from

baseline, se figure 1.

In addition, when stratifying for APOE genotype in carriers and non-carriers of the &4 allele, we found that
plasma IFNy concentration increased more in controls who were €4 carriers (114.7 [SD 188.3] compared to
7.8 (SD 42.8) in the g4-positive exercise group, p=0.038). The opposite was observed when analyzing
sTREM2 based on APOE genotype. Here, there was an increase in exercising APOE €4 carriers, 5.7 (14.4),

compared to a decrease in the controls -6.4 (15.5), p=0.037, see table 3.
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Difference in patient numbers in the reported results, and in follow up versus mean relative change from
baseline, is due to samples falling below limit of detection in either baseline or follow up measurements, or

due to technical reasons e.g. lysis of the sample.
Discussion

In this explorative sub-study, we investigated the effect of an intervention of 16 weeks of moderate-to-high
intensity exercise in patients with AD on selected biomarkers of inflammation measured in plasma and CSF,
to attempt to elucidate the biochemical effect of PA, as several large population-based studies have shown
that greater physical exercise is associated with lower levels of inflammation [30]. We have previously
published the effect on cognition [27] and physical measures [28] Here, we have measured a variety of
known biomarkers of inflammation to investigate molecular underpinnings of the previously reported
beneficial effect on cognition and physical parameters in this population. The approach resulted in many
negative results, but we did find some moderate modulating effects of our intervention on a number of
inflammatory proteins. Besides this study we have published our results on cognition, neuropsychiatric

[27], physical parameters [28,31], and other relevant biomarkers [32,33]

We found PA to increase the levels of STREM2 in CSF and IL6 in plasma. In a subgroup analysis of APOE €4
carriers, plasma IFNy increased in the control group whereas it remained unchanged in the exercise group.
Additionally, in APOE €4 carriers, STREM2 increased in the exercise group, while decreased in the control
group. Furthermore, analysis of BMI correlated with relative change from baseline with randomization
groups as a covariate showed, that some of the relative change from baseline detected was due to
increased BMI. Both negatively and positively. However only a very small percentage (ranging from 13-18%)

of the relative change from baseline in the biomarkers could be explained by BMI.

Inflammation has been established as an important contributor to AD pathology [34]. It is however not
clear if inflammation is the cause or the outcome of pathological AB plaque accumulation, in other words,
whether AB plaques cause inflammation or whether neuroinflammation increases AB buildup [35].
Nonetheless, markers of inflammation that can be measured in CSF and even plasma have the potential to
aid in diagnosis, monitor disease progression and help to understand the beneficial effects of treatment

strategies [36,37].

Many previous studies have found altered cytokine levels in patients with AD. IL1 has been investigated in
brains from AD patients and in blood, where Increased levels in brain and blood have been linked to AR
formation [38,39]. Furthermore, increased levels of other members of the IL1 family, IL18, IL33, and IL12

have been linked to increased AD risk [40]. In addition to findings of increased pro-inflammatory cytokines,
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treatments with the anti-inflammatory cytokine I1L4 have shown reduced AB accumulation in AD mice

models [41].

The cytokine IL6 has historically been viewed as a pro-inflammatory molecule, released in the acute phase
of an infection. However, IL6 is increasingly being recognized to exhibit both pro-inflammatory as well as
anti-inflammatory abilities, supported by the lack of induction of among others nitric oxide with IL6 release,
as seen with the release of the pro-inflammatory cytokines IL1 and TNFa [2,42]. AD research has focused
on IL6 both systemically and in the CNS. Blood levels of IL6 have been found to be increased in AD as
compared to cognitively healthy controls, and brain tissues from AD patients stained for IL6 showed
increased levels of IL6 adhesive to senile plaque inclusion [39,43,44]. In relation to exercise and physical
activity, studies have shown that exercise induces an acute phase response, similar to sepsis and trauma
[2]. Especially, IL6 is produced in high amounts in response to exercise in healthy subjects, with a rapid
decline after end of the exercise [1,2]. In addition, IL6 is also produced locally in the muscles exhibiting
growth factor properties [2]. These findings are in line with the present results where we also see an
increase in plasma IL6 in the exercise group, compared to controls, suggesting that exercise have similar

effects on IL6 in AD as in healthy subjects.

IFNy is a key player in the adaptive immune system, in promoting T1-helper cells and clear infections [45].
IFNy has been shown to increase AP and tau pathology in a mouse model for AD [46], but on the other
hand to improve cognition in AD patients [47]. We found a significantly higher concentration at follow up in
IFNy among the APOE €4 carriers in the control group. However, this result should be interpreted with great
caution, due to the very small sample number, as it could be a false positive result. We would assume that
if IFNy is suppressed by PAin AD, we would see a change in both APOE €4 carriers as well as non-carriers.
However, studies in apoE -/-mice models, have shown that these mice have an increased immune response
including increased IFNy production [48]. Human APOE €4 carriers have low plasma apoE protein levels
[49], similar to the apoE -/- mice, and studies have shown apoE to be tightly related to the immune system
response [50], suggesting that apoE protein helps suppress the activity of natural killer t-cells (NKT) cells,
and the IFNy release [50]. In other words, lower levels of apoE protein could result in elevated levels of
IFNy. This, it seems, is inhibited by exercise, displaying an anti-inflammatory effect of PA in APOE €4

carriers, but not in non-carriers.

In the gene encoding TREM2, SNPs have been linked to AD risk, and studies have found conflicting results in
the analysis of STREM2 in CSF, some with higher amount of STREM2 in CSF in patients with AD, and some

with lower levels, compared to healthy controls [18,51-53]. We found that exercise increased levels of
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STREM2, and that non-exercise controls had a decrease in STREM?2 levels over the 16 weeks of intervention.
This difference was driven by the APOE €4 genotype, as seen in our sub-analysis according to APOE
genotype. As with the results found with IFNy, the stratification in APOE genotype generates very small
sample sizes, and the results should be interpreted with caution. Considering the conflicting findings of the
previous studies, it is hard to conclude if the increase seen in STREM2 in the APOE €4 exercise group, is

beneficial or harmful.

TREM?2 expressed on the cell surface acts as an immune receptor, a soluble form of the protein sSTREM2 can
be cleaved from the cell surface under conditions of microglial activation and stress [54]. It has been found
in mice studies that STREM2 acts as a microglia activator through the Akt-GSK3[3-B-cetenin pathway [55].
The elevated levels seen in AD, may be due to the need for an acute survival response for the microglia.
However, later in the process of AD STREM2 might be more harmful than useful. In addition to its
proinflammatory function, STREM2 has been shown to induce IL6 transcription in a mouse model [55]. One
study even suggests that modulating STREM2 levels could be an efficacious therapeutic approach to treat
AD [55]. This is further underlined with the finding that loss of function mutation in the gene for TREM2,
leads to the early onset dementia disease Nasu-Hakola disease [24]. In that case we could postulate that
exercise may in fact be such a therapeutic approach, since the exercise group displays increased sTREM?2 in

CSF after 16 weeks of physical exercise.

A general limitation of this study is the size of the CSF group, and subgrouping these patients according to
APOE €4 genotype generated even smaller groups. The very small group sizes increase chances of a
statistical type Il error [56]. This is only solved by having big sample sizes or very small variations in data
[57]. However, variations in biomarkers were high, due to biological or analytical variations. In addition, the
disease stage may have impacted our results. Certain biomarker profiles may be abnormal in MCl stages
and may change towards normal values as the disease progress into dementia stages [58], more over the
level of inflammation may vary throughout the disease. This could indicate that physical exercise
intervention studies should have the MCI stage as the target, as pathophysiological events may be more
amenable to change at this stage. This is further emphasized by the findings from studies of PA, where

effects on cognition generally have been larger in MCl subjects than in AD subjects [59].
Conclusion

In conclusion, IL6 and STREM2 were modulated in patients with AD by 16 weeks of PA. In addition, IFNy was
increased in APOE €4 carriers who exercised. However, most other inflammatory markers in plasma and

CSF remained unchanged following PA. The use of PA as a therapeutic approach for AD and other
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dementias is an attractive add-on to conventional medical treatment [60], but the underlying biochemical
effects remain largely unknown [12]. Our study addresses part of this and reports promising pilot data on a
number of inflammatory/microglia-related biomarkers from a hypothesis-generating explorative analysis,
not corrected for multiple comparisons. More studies, preferably also examining effects of type and length
of the physical exercise, are needed to replicate these findings and elucidate more of the molecular effects
of PAin AD. In larger patient cohorts, it would be relevant to stratify according to disease severity and
analyze the impact of PA on inflammation in subgroups with subjective cognitive impairment MCI, mild,

moderate and severe AD.

List of abbreviations

AD: Alzheimer’s disease. ADEX: Preserving Cognition, Quality of Life, Physical Health and Functional Ability
in Alzheimer’s disease: The Effect of Physical Exercise. APOE: apolipoprotein E. CNS: central nervous
system. CSF: cerebrospinal fluid. TREM2: trigger receptor expressed on myeloid cells 2. STREM2: soluble
trigger receptor expressed on myeloid cells 2. IFNy: interferon gamma, IL: interleukin. TNFa.: tumor necrosis
factor alpha. APOE: apolipoprotein E. PA: physical activity. ROS: reactive oxygen species. AB: amyloid beta.
SNP: single nucleotide polymorphism. NINCDS-ADRDA: National Institute of Neurological and
Communicative Diseases and Stroke/Alzheimer's Disease and Related Disorders Association. MMSE: mini
mental status examination. MSD: Meso Scale Discovery. ITT: intention to treat. HR: heart rate. BMI: body
max index. SD: standard deviation. NKT: natural killer t cells. MCI: mild cognitive impaired. CV: coefficient of

variation.
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Table 1 Controls Exercise p-value® High exercise p-values

A) Whole group (n=92) (n=106) sub-group
{n=66)
Age, years® 71.4(7.3) 69.9 (7.5) 0.14*% 70.2(7.5) 031%
Gender, n 0.137 0.41%
males 57 56 34
females 35 50 32
Characteristics
Disease duration, years from diagnosis® 1.3 (1.0) 1.0(1.0) 01* 0.94(0.9) 0.05*%
MMSEY 24.2(3.9) 23.8(3.4) 0.54 # 24.1(3.3) 0.96 *
Education, years® 11.8(2.8) 11.9(2.7) 0.84% 12.2(2.7) 0.42%
Weight, kg* 71.4(12.1) 73.0 (13.5) 036" 72.5(13.8) 0.18*
Height, cm* 172.0(8.9) 170.2(9.1) 015" 170.1(9.2) 0.18%
BMI¥ 24.1(3.6) 25.2 (4.0) 0.0 % 23.0(4.0) 0.12%
APOE g4 alleles, n 0.35" 0.22%
0 21 34 19
1 45 45 26
2 26 27 21
B) CSF subgroup (n=29) (n=29) {n=19}
Age, years® 68.8 (8.0) 68.83 (6.7) 0.83"* 68.6 (7.0) 0.91*
Gender, n 0.17% 0.36"
Males 21 16 11
Females 8 13 8
Characteristics
Disease duration, years from diagnosis* 15(11) 1.0(0.9) 0.07" 1.2(1.0) 0.25%
MMSE* 25.1(3.9) 25.4(2.8) 0.70% 25.1(2.6) 0.99*
Education, years¥ 13.0(2.9) 12.7(2.8) 0.62" 12.5(2.5) 0.54"
Weight, kg* 73.3(2.4) 73.3 (13.0) 0.51% 75.4 (16.5) 0.63%
Height, cm* 174.8 (8.8) 172.5(9.0) 0.33% 172.8(9.3) 0.45%
BMI¥ 23.9(3.5) 25.4 (4.2) 0.15" 25.1(4.1) 0.28"
APOE g4 alleles, n 0.25" 0.21%
0 13 i 3
1 10 14 9
2 6 8 7

Table 1 Baseline characteristics of the study cohort. A) all patients. B) CSF sub-group. ¥ Given as mean * (Standard
deviation), #Independent t-test, * Chi-squared test, € Controls versus exercise, * Controls versus high exercise. From the
exercise group, participants who participated more than 80% of the session and had a mean intensity of 70% or high, was further
analyzed as a ‘high exercise group’.
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Table 2 Baseline® 16 week follow up® Mean relative change from baseline,
((16 week follow up — Baseline)/Baseline)*100 , * *

pg/mL Controls Exercise Controls Exercise controls Exercise p-value High exercise p-value
{n=27) (n=28) {n=24) {n=23) {n=22) {n=22) (n=16)
STREM?2, CSF 8172.51 (2656.2) 8193.32 (2992.5) 7717.16{2488.7) 8596.5 {3267.5) -2.4(13.8) 5.0{12.9) 0.075 6.9 {14.0) 0.05
{n=27) (n=24) {n=27) {n=19) {n=26) {n=19) fn=14)
IFNy, CSF 0.6(0.2) 0.5{0.2) 0.6(0.1) 0.5(0.2) 9.0(34.0) 1.6{52.8) 0.57 -4.1(51.9) 0.34
IL10, CSF 0.1(0.0) 0.1{(0.1) 0.1(0.1) 0.1{0.6) 13.5(52.4) 18.0(67.5) 0.80 15.2(70.8) 0.93
1113, CSF 0.7 (0.5) 0.7{0.3) 0.7{0.3) 0.8{0.5) 7.9(68.7)  55.8{115.4) 0.9  481{107.2) 0.16
L2, CSF 0.2(0.2) 0.2 (0.12) 0.1(0.1) 0.1{0.1) 11.7{96.1) 4.6 {69.3) 0.79 -0.1(78.4) 0.70
IL6, CSF 1.2(0.4) 1.1{0.3) 1.3{0.6) 1.1{0.3) 21.7(50.1) 1.9{28.2) 0.13 3.5{29.5) 0.22
IL8, CSF 44.8(13.0) 42.4(9.2) 45.1(15.4) 40.7 {10.5) 2.7(247) -5.0(16.6) 0.25 -2.5(15.9) 0.48
TNF, CSF 0.2 (0.1) 0.2{0.1) 0.2 (0.1) 0.2 {0.1) 4.5(31.9) -4.7 (38.8) 0.39 -6.8 (41.5) 0.34
(n=23) {n=24) (n=23) {n=21) {n=19) (n=21) (n=14)
IFNy, plasma 5.1(3.4) 49(22) 50(3.2) 52{2.2) 614(1446) 22.1(63.7) 0.27 116{442) 022
IL10, plasma 0.3(0.2) 0.3{0.2) 0.5(0.8) 0.3{0.2) 6.2 (58.6) 31.2(95.6) 0.33 35.2{109.8) 033
IL6, plasma 29(7.4) 0.7{0.3) 33(8.6) 0.8{0.3) 1.0 (49.4) 410(767) 0049  480(858)  0.047
IL8, plasma 4.8(1.6) 4.8{1.4) 5.6(2.3) 5.4(1.5) 27.9(65.5) 20.7 (38.9) 0.67 25.4(41.7) 0.90
TNFw, plasma 1.6 (0.6) 1.7 {0.4) 1.8 {0.6) 1.7 {0.4) 33.2(83.1) 1.2 {39.6) 0.12 -3.7 (41.9) 0.14
{n=28) (n=27) {n=23) {n=22) {n=20) {n=22) (n=15)
8-isoprostane, CSF 8.7 (4.0) 9.93 (5.4) 8.97 {3.6) 16.28 {4.1) 33.2(99.8) 80.1{192.4) 0.33 95.4 (225.9) 0.28
{n=87) {n=100) {n=80) {n=90) {n=75) {n=86) (n=55)
8-isoprostane, plasma 70.2 (94.0) 68.4 {86.8) 70.8 (88.9) 60.3 {75.8) 213.9 (582.7) 109.9(354.2) 0.17 98.8 {296.7) 0.18

Table 2. Changes in plasma and CSF biomarkers after 16 weeks of intervention. Baseline and follow-up values of sSTREM2, INFy, IL10, IL6, IL8, IL13, IL2, TNF, and 8-
isoprostane. In addition, analysis of between group difference in mean change from baseline exercise versus controls and per-protocol high-exercise versus controls.

*Given as mean + (Standard deviation). # A positive value means greater positive mean change from baseline in the exercise group.

18

120



Table 3

APOE e4 non- carriers

APOE e4 carriers

Mean relative change from baseline,
({16 week follow up — Baseline)/Baseline) * 100 #

Controls

Exercise -value Controls Exercise -value
—pe/m : :
{n=9) (n=5) {n=13) (n=17)
sTREM2, CSF 3.5(8.1) 2.5(3.89) 0.81 -6.4 {15.5) 5.7 (14.4) 0.037
{n=12) (n=4) {n=14) {n=15)
IFNy, CSF 12.6(38.1) -2.4(42.2) 0.52 5.8 (31.1) 9.4(51.1) 0.82
IL10, CSF 25.4 (66.5) 23.6 (74.6) 0.96 3.3(36.3) 16.5{68.2)  0.53
1113, CSF 29.1(73.8) 62.3 (117) 0.31 -10.3(61.0) 46.3(103.4) 0.08
IL2, CSF 45.2(129.9)  18.1(40.4) 0.69 -17.0(40.0) 1.0(75.9) 0.44
IL6, CSF 39.3 (59.2) -14.7 {(26.8) 0.11 5.6 (36.3) 6.3(27.9) 0.98
IL8, CSF 1.9(21.8) -11.6(21.4) 030 3.4(27.7) -3.3(155) 043
TNFo, CSF 16.2 (38.8) -9.1(33) 0.26 -5.6 {21.0) 2.9(33.3) 0.42
{n=10) (n=5) (n=9) {n=16)
IFNy, plasma 13.5(72.1) 67.9(100.2) 0.24 114.7 (188.4) 7.8(42.8) 0.038
IL10, plasma -3.6 (45.5) 35.46 {68.4) 0.21 17.1(71.7) 29.8(104.4) 0.75
IL6, plasma -17.15 {47.4) 1.4(71.3) 0.56 17.0(47.7) 53.4 {76.4) 0.21
IL8, plasma 31.2 (80.6) 3.0{23.3) 0.46 24.2 (48) 26.2{41.6) 091
TNF, plasma 26.6 (68.3) 1.3(46.3) 0.47 40.5 (101.1) 1.1(39.2 0.17
{n=10) (n=5) {n=10) (n=17)
8-isoprostane, CSF 9.7 (94.9) 139.0(143.8)  0.058 56.5 (101.5) 62.8{204.9) 0.93
{n=19) (n=31) {n=56) {n=55)
8-isoprostane, plasma  279.0(492.1) 179.9 (479.4) 0.48 191.8(612.9) 71.0(255.9) 0.18

Table 3, The effect of exercise on biomarker concentrations, stratified according to ApoE genotype. Group

differences in mean change from baseline High exercise versus control depending of ApoE s4 carrier status (0 alleles

versus 1 or 2 alleles). ¥Given as mean * (Standard deviation). # A positive value means greater positive mean change

from baseline in the exercise group.
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Figure 1. correlation between BMI at follow up and relative change in biomarkers, with randomization groups as a

covariate A) relative change in CSF IFNy, B) relative change in plasma IL6, and C) relative change in plasma TNFo..
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Abstract Introduction: Our group has completed an exercise study of 200 patients with mild Alzheimer’s dis-
ease. We found improvements in cognitive, neuropsychiatric, and physical measures in the partici-
pants who adhered to the protocol. Epidemiological studies in healthy elderly suggest that exercise
preserves cognitive and physical abilities to a higher extent in APOE €4 carriers.

Methods: In this post hoc subgroup analysis study, we investigated whether the beneficial effect of
an exercise intervention in patients with mild AD was dependent on the patients” APOE genotype.
Results: We found that patients who were APOE €4 carriers benefitted more from the exercise inter-
vention by preservation of cognitive performance and improvement in physical measures.
Discussion: This exploratory study establishes a possible connection between the beneficial effects
of exercise in AD and the patients’ APOE genotype. These findings, if validated, could greatly impact
the clinical management of patients with AD and those at risk for developing AD.

© 2019 The Author. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

Keywords: Alzheimer’s disease; Exercise; APOE; Genetic; Intervention

1. Introduction constitute a growing health and economic burden [1.2].
Several genetic, environmental, and clinical risk factors for
developing AD have been identified. The presence of the
apolipoprotein-E (APOE) €4 allele is the most important ge-
netic risk factor, whereas physical inactivity is a major life-
style risk factor for the development of AD [3].

The &4 allele of the APOE gene located on chromosome
19 is associated with higher risk of developing AD and at an
earlier age, whereas the €2 allele has a protective effect
i . . against AD, and the €3 allele is considered neutral [4].
*Thcsc A Ak o The neuropathological hallmarks of AD are intracellular neuro-

Corresponding author. Tel.: +45 3545 6911; Fax: +45 3545 2446.
E-mail address: anja.hviid.simonsen@regionh.dk fibrillary tangles and extracellular plaques composed of tau and

Cognitive decline in late life and dementia are associated
with decreases in activities of daily living, quality of life, and
increased mortality. There are an estimated 46.8 million
people living with dementia worldwide [1], and with an
aging population, dementia and Alzheimer’s disease (AD)

The authors declare no conflicts of interest.
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2352-8737/ © 2019 The Author. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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amyloid betay, (A-beta), respectively [5]. Further neuropatho-
logical findings include increased inflammation and oxidative
stress [6,7]. It has been suggested that APOE &4 genotype can
lead to AD pathogenesis by several pathways: (1) damage of
the vascular system in the brain; (2) initiation or acceleration
of A-beta accumulation, aggregation, and deposition in the
brain; (3) impaired cholesterol transport; and (4) increased
neuroinflammation [4].

In animal and human studies, exercise has shown a neu-
roprotective effect, notably in the hippocampus and the
dentate gyrus, both areas showing pathological changes in
AD [8-11]. Observational studies in healthy elderly
persons show that higher levels of physical activity are
associated with lower risk of cognitive decline, better
cognitive performance, and preservation of hippocampal
volume and that the effect was stronger in APOE €4
carriers when compared to noncarriers [12-14].
Furthermore, higher levels of physical activity have been
associated with faster reaction time in APOE €4 carriers
compared to noncarriers [ 15]. In subjects with MCI, 1 study
investigated the effect of APOE genotype on physical func-
tion and found that walking speed was reduced in the APOE
€4 carriers, compared to noncarriers [ 16]. Despite evidence
from observational studies in healthy elderly and MCI sub-
jects of associations between physical inactivity, cognitive
decline, and APOE ¢4 carrier status, there is a paucity of
knowledge of these associations in subjects with AD de-
mentia. Similarly, in exercise intervention studies, positive
effect of APOE €4 carrier status on cognition has been
found in healthy elderly subjects [17,18], but to the best
of our knowledge, this effect has not been evaluated in
patients with AD.

Because the search for pharmacological treatments to
slow down or reverse AD has not proven successful so far
[19], researchers have turned their attention toward nonphar-
macological approaches, including exercise, to try to slow
the cognitive decline [20.21]. Our group has previously
investigated the effect of exercise in patients with mild AD
in the “Preserving Cognition, Quality of Life, Physical
Health and Functional Ability in Alzheimer’s disease: The
Effect of Physical Exercise (ADEX) study” [22]. In that
study, for subjects who adhered to the protocol, we found
a significant improvement in cognitive performance
measured by the Symbol Digit Modalities Test (SDMT),
neuropsychiatric symptoms [22], as well as in physical
function [23].

Results of all cognitive tests (SDMT, ADAS-Cog, Stroop
Color and Word test, verbal fluency, and MMSE) have been
published [22]; we found a significant effect of exercise on
our primary outcome measure, SDMT, but no effect of the
exercise intervention was detected on the other cognitive
tests. SDMT was chosen as primary outcome because this
test is sensitive to very early changes in aspects of executive
function (mental speed and attention) in AD [24|. Executive
function is considered to be particularly sensitive to the
effect of physical exercise [25,26], which recently was
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corroborated in two trials of moderate- to high-intensity ex-
ercise in sedentary older adults [27] and patients with MCI
[28] where executive function and performance on SDMT
was improved by exercise.

In this post hoc subgroup analysis of patients with mild
AD from the ADEX study, we aimed to investigate if the
significant improvements in cognitive and physical out-
comes were dependent on the patients’ APOE genotype.

2. Materials and methods
2.1. Patient cohort and baseline characteristics

A total of 200 patients from eight memory clinics in
Denmark were randomized to either a control group
(n = 93) oran intervention group (n = 107), and 190 patients
completed follow-up [29]. The inclusion/exclusion criteria
have been described previously in the study by Hoffmann
et al. [30]. Briefly, the patients were diagnosed with AD
according to the NINCDS-ADRDA criteria [29] before
enrollment in the trial, were between 50 and 90 years of
age, and had a MMSE score >20.

Patient baseline characteristics have been summarized in
Table 1. All patients gave blood samples before and after the
intervention. The patients” APOE genotype was not known
at the time of the exercise intervention because APOE
genotyping was not part of the routine diagnostic procedure
and was only analyzed after the end of the trial.

The study was approved by the ethical committee of the
Capital Region of Denmark (H-3-2011-128) and the Danish
Data protection agency (Capital Region of Denmark,
30-0718). All patients gave informed consent before
enrollment  (ClinicalTrials.gov  registration — number:
NCT01681602).

2.2. Exercise intervention

The physical exercise intervention was supervised aero-
bic exercise at moderate-to-high intensity (70-80% of
maximal heart rate [HR] measured by pulse watches) 1
hour, three times weekly for 16 weeks in groups of two to
five participants. The exercise protocol has been described
in detail in the study by Sobol et al. [31] and consisted of
a short warm-up session followed by aerobic exercise on
treadmill, stationary bike, and cross-trainer.

2.3. APOE genotype

DNA was isolated with Promega Maxwell DNA
purification kits (Promega, Madison, WI), according to the
manufacturer’s protocol from 250 pL of buffy coat from
6 mL EDTA vials. APOE genotyping for the €2, €3, and 4
alleles was performed with a TagMan qPCR assay as
described by Koch et al. [32].
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Table 1
Baseline characteristics of the study cohort

Controls Exercise

APOE &4 noncarriers APOE €4 carriers P value APOE &4 noncarriers APOE g4 carriers P value
n 21 72 (27 homozygotes) 34 72 (27 homozygotes)
Gender 0.45* 023%
Males, n (%) 11 (52.4) 41 (56.9) 17 (50) 43 (59.7)
Females, n (%) 10 (47.6) 31 (43.1) 17 (50) 29 (40.3)
Age, years' 68.0 (8.8) 72.5 (6.5) 0.01' 67.9 (9.1) 70.8 (6.4) 0.06'
MMSE' 25.0 (3.6) 23.9(3.9) 0.27' 24.4 (3.5) 23.6 (3.3) 0.26'
Education, years 11.5(2.9) 119 2.7) 0.55" 12.0 (2.9) 11.9 (2.6) 0.83"

P values are APOE e4 carriers versus APOE €4 noncarriers. Bold value denotes statistical significance P < 0.05.

*Chi-squared test.
'Given as mean = (standard deviation).
“Independent t-test.

2.4. Clinical outcomes

We have previously published the results of our exercise
intervention on cognitive [22] and physical [23] outcomes.
We found a significant effect of exercise on neuropsychiatric
symptoms measured by the Neuropsychiatric Inventory
(NPI) in the intention-to-treat group. Patients who reached
the target intervention intensity of 70% of maximum HR
and participated in at least two-thirds of the exercise sessions
(per-protocol group, termed “high exercise group,” n = 66 of
107 patients) improved significantly on NPI as well as on a
cognitive test of attention and mental speed (SDMT). We
therefore chose these two outcomes for analysis in the pre-
sent study to investigate whether the effect was different in
APOE g4 carriers compared to noncarriers.

2.4.1. Cognitive outcome

SDMT assesses mental speed and attention. Using the
number and symbol key at the top of the test page, partici-
pants were asked to correctly decode several lines of sym-
bols [33]. The total number of correct decodings in 120 s
was used as outcome.

2.4.2. Neuropsychiatric outcome

NPI is a caregiver-rated 12-point questionnaire assessing
12 different behavioral and psychological symptoms com-
mon in AD. The primary caregiver rates each symptom
according to frequency and severity [34].

2.4.3. Physical outcomes

Timed-Up-and-Go test assesses basic mobility by
measuring the time it takes for a person to stand up from a
chair, walk 3 meters, cross a line, turn around, and walk
back to the chair and sit down [35].

Timed 10-meter walk test assesses gait speed on a
10-meter long course [36].

Timed 400-meter walk test assesses walking endurance
measured on a 20-meter long course marked with colored
cones [37].

Dual task performance is measured with the timed 10-meter
walk test combined with counting backward from 50 [36].
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Maximal oxygen uptake (VO,max): the submaximal test
for estimating maximal oxygen uptake is considered to be
valid for assessing changes in cardiovascular fitness (aerobic
fitness) and is estimated based on the workload and average
HR during the last minute of a 6-minute cycle test, corrected
for age and body weight [38].

2.5. Statistical analyses

Baseline characteristics were compared between random-
ization groups and between APOE genotypes with
chi-square tests (categorical characteristics) and t-tests
(continuous characteristics). The effect of the exercise inter-
vention was assessed separately for APOE €4 carriers and
noncarriers in a linear regression model for each outcome
as intention-to-treat analyses including all patients were
performed and per-protocol analyses where only patients
who reached the target intervention intensity of 70% of
maximum HR and participated in at least two-thirds of the
exercise sessions were included. Possible differential
dropout between the randomization groups was adjusted
for by weighting the available observations by the inverse
of the probability of being in the data, estimated in logistic
regression models including baseline characteristics of the
patients. The analysis was performed with generalized esti-
mating equations to account for the weighting and for
repeated measurements. Analyses were done with SAS
v9.4. A significance level of 5% was used.

3. Results
3.1. Patient cohort

Baseline characteristics of the patient cohort are
summarized in Table I. There was an even distribution
of APOE €4 carriers versus noncarriers in the control and
intervention groups, with approximately 70% being carriers
of the APOE ¢4 allele. We did not find significant differences
in baseline characteristics between the randomization
groups. When analyzed by the patients’ APOE genotype,
the APOE €4 noncarriers were significantly younger than
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Table 2

Effects of the intervention in APOE €4 noncarriers and APOE €4 carriers

APOE &4 carriers

APOE &4 noncarriers

Follow-up

Baseline

Follow-up

Baseline

C.S. Jensen et al. / Alzheimers & Dementia: Translational Research & Clinical Interventions 5 (2019) 99-106

P value®

Exercise P value

Controls

P value*

Exercise

Controls

Exercise P value'

Controls

Exercise P value*

Controls

Mean (SEM)

0.0236

25.55 (2.10) 0.0598

0.0770 26.05 (3.35)  24.49 (2.84) 0.1637 25.58 (1.78) 26.51 (2.84) 0.9446 18.24 (3.97)

27.84 (2.50)

25.78 (2.84)

Symbol Digit Modalities

Test, # in 90 min
Neuropsychiatric Inventory,

7.80 (1.03) 0.0002 0.1633

11.96 (1.45)

0.4722

9.03 (1.10)  9.67 (1.19)

0.7331

10.10 (1.54)

11.49 (2.40)

0.6413

10.66 (2.02)

10.81 (2.27)

range 0-144

Time-Up-and-Go, sec.
Estimated VO,max,

6.40 (0.16) 0.0153  0.0143
28.60 (0.98) 0.0002 0.8830

6.66 (0.34)
26.89 (1.22)

0.2247
0.0541

6.80 (0.19)
24.30 (0.91)

6.58 (0.19)
26.57 (1.28)

0.1794

0.0240

6.76 (0.38)
33.21 (1.54)

6.44 (0.31)
25.06 (1.31)

0.3491

0.1502

6.61 (0.34)
27.55(1.43)

6.67 (0.37)
24.99 (1.51)

ml/kg/min

400 m walk, sec

0.0681

298.48 (15.34) 305.06 (18.19) 0.5381 305.23 (8.11) 307.53 (10.00) 0.6896  307.63 (9.50) 293.04 (7.18) 0.0425

302.19 (17.11) 302.80 (17.72) 0.5428

1.34 (0.02) 0.0269 0.1275

1.37 (0.03)

0.0061

139 (0.04)  1.29 (0.02)

0.7779

1.35 (0.04) 1.34 (0.04)

0.9814

1.38 (0.03)

1.39 (0.05)

10 m walk, m/sec

Bold values denote statistical significance P < 0.05.

*Baseline difference between controls versus exercise within APOE status. Adjusted for clustering within training groups and centers.

Follow-up difference between controls versus exercise (beyond the difference present at the baseline) within APOE status. Adjusted for clustering within training groups and centers.

TEffect of APOE status on the effect of exercise.

128

the APOE &4 carriers in the control group. There was no
significant difference in gender distribution, MMSE, or
years of education between the APOE €4 carriers and the
APOE &4 noncarriers.

3.2. Clinical outcomes

Carriers of the APOE g4 allele who participated in the ex-
ercise arm maintained their performance on SDMT while
APOE €4 carriers who did not exercise had a decline in per-
formance (Table 2). Exercise did not influence SDMT scores
in the APOE €4 noncarrier patients. There was a stabilizing
effect of exercise on SDMT in APOE &4 carriers compared to
noncarriers, P = .0236 (Table 2, Fig. ).

Similarly, APOE €4 carriers who exercised had a signifi-
cant and marked improvement in neuropsychiatric symp-
toms as evaluated by NPI compared to the control APOE
€4 carriers (P = .0002), although the effect of exercise on
neuropsychiatric symptoms was absent in the APOE &4
noncarriers (Table 2, Fig. 1).

3.3. Physical outcomes

We found that exercise improved Timed-Up-and-Go test
in the APOE €4 carriers versus noncarriers, P = .0143.
Furthermore, we found significant improvement only in
APOE €4 carriers for timed 10-meter walk test
(P = .0269), and timed 400-meter walk test (P = .0425),
and these outcomes did not change significantly in noncar-
riers. Estimated VO,max improved significantly after exer-
cise in both carriers and noncarriers (see Table 2 and Fig. 1).

4. Discussion

In this post hoc subgroup analysis study, we investigated
whether the beneficial effect of an exercise intervention in
patients with mild AD was driven by the patients’ APOE
genotype.

We found that patients who carried the APOE &4 allele
benefitted more from the exercise intervention than
noncarriers on cognitive, neuropsychiatric, and physical
measures. These findings are in line with the results from
epidemiological studies showing that exercise improved
cognitive and physical performance especially in carriers
of the APOE €4 allele [13,16].

We found that patients who were carriers of the APOE &4
allele in the exercise group maintained their performance in
the SDMT test, whereas the carriers of the APOE €4 allele in
the control group deteriorated in performance. The effect of
exercise on SDMT seen in this study is in line with the
studies in patients with MCI [28] and in older adults [27]
where executive function and performance on SDMT was
improved by exercise. Furthermore, carriers of the APOE
€4 allele who exercise experienced an improvement in
neuropsychiatric symptoms compared to a worsening in
the control APOE €4 carrier group. By contrast, we could
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Symbol digit modalities test (# correct in 120sec)

40
o -e- controls

30 -= exercise
c g i
3 20
E

10

0

B F B F

APOE ¢4 non-carriers APOE &4 carriers

Neuropsychiatric inventory

15
10 *hk

§ I }

£

5

B F B F

APOE ¢4 non-carriers APOE ¢4 carriers

400m walk (sec)

340 p=0.0534
320
=
é 300 N
280
- B F B F

APOE =4 non-carriers APOE &4 carriers

Timed up-and-go (sec)

*

e M

B F B =2

APOE ¢4 non-carriers APOE &4 carriers

Estimated VO2max (ml/kg/min)

25
B F

APOE 4 non-carriers APOE &4 carriers

B F

10m walk (m/s)

14
3 |+
Eq3

B F B F

APOE £4 non-carriers APOE ¢4 carriers

Fig. 1. Mean scores in outcome intention-to-treat analysis. All participants analyzed with independent t-test, respectably of ApoE e4 carrier status and random-
ization group. B: baseline, F: 16-week follow-up, *P << .05, ***P <001, displayed as mean score in groups with SD.

not detect an effect of the exercise intervention on neuropsy-
chiatric symptoms in the noncarrier group.

Carriers of the APOE €4 allele who exercised improved
their physical performance measured by walking speed
compared both to noncarriers who exercised and to carriers
in the control group. By contrast, we found that the noncar-
riers improved their cardiovascular fitness measured by esti-
mated VO,max but this improvement was not reflected on
their performance on the walking tests. All the participants
in the intervention group had exercised on a stationary
bike and most of them preferred this way of training
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endurance. Some participants did not perform treadmill
walking exercises because they felt unsafe on the treadmill,
and other than the treadmill-workout walking exercises were
not part of the exercise intervention. Sitting on a test bike,
where the movement is very simple and controlled, and
where the assessor ensures that the cadence is kept, is prob-
ably less demanding than walking. Walking requires among
other trunk stability, balance, and coordination. This will
have an impact on the variation of spatiotemporal gait pa-
rameters, which has been shown to be greater in people
with cognitive impairment [39].
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In our previous work [22], we discovered that the highest
effect on cognitive and physical end points was present in
the subgroup of patients who exercised at the highest inten-
sity and with most adhesion to the exercise program, termed
the “high-exercise” group. In the current analysis, we did not
find an additional effect of high exercise after segregating by
APOE €4 carrier status (data not shown). This could indicate
that the effect exercise on cognitive and physical measures
of carrying the APOE €4 allele is equivalent to the effect
of a higher intensity exercise regime.

There are several theories regarding why the APOE ¢4
allele evolved in humans, and why this allele has been
preserved during evolution up to modern times. Some have
suggested that the APOE €4 allele evolved in response to
shifts in diet, response to a highly infectious environment,
and need of increased absorption and reuptake of vitamin
D [40,41], cases where the APOE €4 allele could be
beneficial. The detrimental effects of the APOE €4 allele,
namely increased risk of atherosclerosis, stroke, and AD,
were counteracted by the higher physical activity of the
hunter-gatherers [42]. In modern societies, where high levels
of physical activity are no longer required, this balance is
skewed toward the adverse effects of the APOE €4 allele.
This highly speculative hypothesis would fit with the
observation in the present study that physical exercise
counteracts AD-related symptoms to a higher extent in
APOE &4 carriers than in noncarriers.

The mechanism for our observed APOE-mediated bene-
ficial effect of exercise is unclear. It is not known whether
physical exercise exerts its positive effect through
disease-modifying or symptomatic mechanisms. The
APOE genotypeinfluences several pathways related to
AD, such as vascular damage, A-beta accumulation,
cholesterol transport, and neuroinflammation [4]. In a small
subsample of the ADEX patients, we could not detect an ef-
fect of exercise on CSF levels of biomarkers of AD pathol-
ogy [43] or synaptic function [44], regardless of the
patients’ APOE genotype, and although this could be due
to the small sample size, effects on other downstream path-
ways could be involved, such as positive effects on cerebral
vasculature, improved cholesterol transport, or decreased
neuroinflammation.

A limitation of this study is its exploratory nature because
the ADEX study was not designed to elucidate the effects of
the APOE genotype on an exercise intervention. However,
this study is a large study of 200 patients from a genetically
homogeneous population. All exercise sessions were super-
vised by qualified physical therapists; the exercise intensity
was high as was the adherence to the exercise program. In
our sample, 70% of the patients were carriers of the APOE
€4 allele; this is slightly higher than the background popula-
tion of patients with AD with approximately 60% being car-
riers of one or two alleles of the APOE €4 allele in northern
Europe [45]. We have no simple explanation for this differ-
ence other than a possible random selection bias. This imbal-
ance could influence our results because of the smaller
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number of subjects not carrying the APOE4 allele giving
rise to a statistical type I error thus potentially not detecting
significant changes that might happen in the noncarrier group.

Even if a nonpharmacological intervention such as exer-
cise does not alter the known pathological pathways in AD,
it can still be relevant for delaying disease progression by
either purely symptomatic effects or by affecting some of
the downstream biological processes. If exercise interven-
tions could delay progression of AD and nursing home
placement, this would be of benefit for patients and care-
givers but also for society.

In conclusion, this exploratory study establishes a
possible connection between the beneficial effects of exer-
cise in AD and the patients’ APOE genotype. These findings
need to be replicated in larger studies specifically designed
to investigate a potential causality. If replicated, these find-
ings will contribute to a targeted and more personalized
treatment approach in AD and give new hope for approxi-
mately 14% of the population with an increased genetic
risk for AD.
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1. Systematic review: Review of the literature shows
self-reported physical activity is associated with
better cognitive and physical performance in healthy
elderly who carry the APOE €4 allele.

. Interpretation: In a post hoc analysis of a large multi-
center study, we find that patients with Alzheimer’s
disease who carry the APOE €4 allele benefit more
from an exercise intervention on cognitive, neuro-
psychiatric, and physical measures compared to
patients with Alzheimer’s disease who do not carry
the APOE €4 allele.

. Future directions: These results need to be validated
in larger studies. If positive, this knowledge could
greatly impact the clinical management of Alz-
heimer’s disease.
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