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ABSTRACT

Alzheimer’s disease (AD) is the most common cause of dementia and there is currently no cure. Novel approaches to treat AD and curb the rapidly increasing
worldwide prevalence and costs of dementia are needed. Physical inactivity is a significant modifiable risk factor for AD, estimated to contribute to 12.7% of AD cases
worldwide. Exercise interventions in humans and animals have shown beneficial effects of exercise on brain plasticity and cognitive functions. In animal studies,
exercise also improved AD pathology. The mechanisms underlying these effects of exercise seem to be associated mainly with exercise performance or cardiore-
spiratory fitness. In addition, exercise-induced molecules of peripheral origin seem to play an important role. Since exercise affects the whole body, there likely is no
single therapeutic target that could mimic all the benefits of exercise. However, systemic strategies may be a viable means to convey broad therapeutic effects in AD
patients. Here, we review the potential of physical activity and exercise training in AD prevention and treatment, shining light on recently discovered underlying

mechanisms and concluding with a view on future development of exercise-free treatment strategies for AD.

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disease
that accounts for 60-80% of all dementia cases (Association, 2019). As
the primary risk factor for AD (or dementia of any cause) is increasing
age, and given human life expectancy keeps increasing, the proportion
of people with dementia will increase dramatically without develop-
ment of efficient interventions (Winblad et al., 2016). Poignantly, the
number of people living with dementia is estimated to reach 152 million
in 2050 tripling from the current 50 million (Patterson, 2018). As de-
mentia patients often require around-the-clock care, this clearly projects
a huge increase also in the number of people indirectly affected.

Critically, the global cost of dementia has been estimated to double by
2030 to the annual cost estimate of 2 trillion US dollars (Patterson,
2018), with up to 85% of costs being related to family and social care
(Livingston et al., 2017).

What neuropathologically distinguishes AD from other causes of
dementia, are the accumulation and deposition of amyloid-f (Ap) into
extracellular plaques and hyperphosphorylated tau protein into intra-
cellular neurofibrillary tangles in the brain (Long and Holtzman, 2019).
Importantly, such pathology may progress gradually for decades before
the symptoms of dementia become noticeable (Dubois et al., 2016; Jack
et al., 2013). There is currently no cure for AD and the development of
medical drugs to treat AD has turned out problematic, with a failure rate
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0f 99.6% (Cummings et al., 2014). Until the approval of the anti-amyloid
antibody aducanumab (marketed as Aduhelm) for use in treatment of
AD by the U.S. Food and Drug Administration on June 7th 2021 (Cav-
azzoni, 2021), the drugs in use have only been able to temporarily
alleviate some symptoms of the disease (Dong et al., 2019). Aduhelm
was approved under the accelerated approval pathway due to its ability
to reduce amyloid plaques in the brain (Sevigny et al., 2016), but its
clinical benefit is still required to be confirmed for continued approval
(Cavazzoni, 2021). Independent of the faith of aducanumab in AD
therapeutics, any interventions capable of delaying the clinical onset of
AD dementia could give an individual a longer, and/or a healthier life,
and significantly reduce the related costs of caretaking (Livingston et al.,
2017).

Lifestyle changes targeting the risk factors of the disease before or
during the preclinical stage of AD may have the potential to delay
cognitive decline and the onset of dementia, also in individuals at high
genetic risk (Lourida et al., 2019; Rosenberg et al., 2018; Ngandu et al.,
2015). In this regard, it is notable that aged individuals may show
preserved cognition to the end of their lives although post-mortem brain
examinations exhibit substantial AD pathology (Bennett et al., 2006),
suggesting that typical AD brain pathology alone does not necessitate
cognitive impairment and eventual dementia. Hence, actions to reduce
risk factors for AD may protect from dementia not only through reduced
pathology, but also through increased resilience towards such pathology
(Livingston et al., 2017).

Although age and genetic predisposition are currently unmodifiable,
there is consistent evidence for other potentially modifiable risk factors.
Approximately one-third of AD cases could be associated to at least one
of the following seven risk factors: low educational level, smoking,
depression, diabetes, hypertension, obesity, or physical inactivity
(Norton et al., 2014). As the last six of these risk factors are also car-
diovascular disease risk factors, maintaining good cardiovascular health
may help prevent AD (Norton et al., 2014; Pase et al., 2016). Further,
because greater levels of physical activity (PA) and exercise training
associate with better cardiorespiratory fitness (CRF) and inversely
correlate with cardiovascular disease risk factors (Garber et al., 2011;
Lin et al., 2015), exercise seems a tenable means for reducing the
prevalence of AD. In fact, physical inactivity was estimated to contribute
to 12.7% of worldwide AD cases (Norton et al., 2014). In Europe, the
USA, and the UK this estimate is almost doubled (Norton et al., 2014). It
is, however, of note that these estimates do not consider overlap with the
other risk factors mentioned above (Norton et al., 2014). In comparison,
the latest estimates for dementia of any cause suggest 9.6% of dementia
cases related to physical inactivity in later life (at the age above 65
years), but when adjusted for clustering of different risk factors, the
estimated fraction of cases attributable exclusively to physical inactivity
is 1.6% (Livingston et al., 2020).

Since physical inactivity is a key risk factor for AD, we review here
the potential of PA and exercise training in AD prevention and treat-
ment, compiling and discussing the landmark studies in the field. We
bring together evidence from mice to humans, concentrating on poten-
tial underlying mechanisms and how the growing knowledge of exercise
effects on the brain may help in the development of novel treatment
strategies for AD. Each section here is ended with a brief sum-up and
perspectives.

2. Methods

The majority of the literature used for this review was selected based
on a systematic search for articles related to each topic addressed
throughout the review. We searched PubMed for original articles and
reviews, with a set of inclusion and exclusion criteria outlined in detail
in the Supplementary material. A total of 1408 abstracts were screened,
from which we narrowed to 381 full text reads. Of those, 210 were
included in the review. Otherwise, the papers included in the review
were either identified from the references of other included studies or
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were previously familiar to the authors.
2.1. Link between PA, cognitive function, and AD development

2.1.1. Physical activity

PA encompasses any activity involving movement of the body
through the work of skeletal muscles and an increase in energy expen-
diture above resting values (Caspersen et al., 1985). In contrast, exercise
is defined as a more structured and planned type of PA, aiming to
maintain or improve physical fitness (Caspersen et al., 1985).

Observational studies suggest PA to be associated with a reduced risk
of cognitive decline. A meta-analysis of 15 prospective studies including
a total of 33816 cognitively healthy subjects (age 35 to over 85 years)
found that when compared to reporting no PA at baseline, low-to-
moderate levels of PA associated with a 35% reduced risk of cognitive
decline during subsequent 1-12 years, whereas a high level of PA
associated with a 38% reduced risk (Sofi et al., 2011). However, when
the analysis was restricted to the six studies with a follow-up duration of
at least 5 years, the respective reductions in risk of cognitive decline
were 26% and 33% (Sofi et al., 2011). A more recent meta-analysis of 18
prospective studies with follow-up duration of 1-21 years and a total of
38343 middle-aged to older subjects found a similar effect: moderate
level of PA associated with a 26% and high level of PA associated with a
33% reduced risk of cognitive decline when compared to no PA group
(Guure et al., 2017). Some retrospective and prospective studies have
also reported positive associations between self-reported childhood or
teenage PA levels and measures of cognitive function later in middle age
or older age (Reas et al., 2019; Middleton et al., 2010; Hakala et al.,
2019; Dregan and Gulliford, 2013).

Concentrating specifically on leisure-time PA and therefore being
more descriptive of exercise training, a recent systematic review of 14
longitudinal and 9 cross-sectional studies concluded that there is an
association between adulthood leisure-time PA of at least moderate in-
tensity and better global cognitive function, executive function, and
memory in late adulthood, whereas low-intensity PA may have limited
effect on cognition (Engeroff et al., 2018). Results from a recent
meta-analysis on individual-based data showed further support to sug-
gest the association being dependent on the intensity of PA (Lipnicki
et al., 2019). In the analysis including longitudinal data of 11897 in-
dividuals (mean age 73.1 years) from 9 population-based cohorts, per-
forming vigorous-intensity PA at least once a week was found associated
with better cognitive function at follow-up (mean 3.1 years) when
compared with minimal PA, whereas moderate-intensity PA was not
(Lipnicki et al., 2019). These findings together suggest PA level and
intensity to be negatively associated with cognitive decline over time.

Considerable evidence similarly suggests PA to protect against de-
mentia due to AD. The earliest meta-analysis to study the association
between PA and risk of AD included five studies with a total of 13771
participants 30-70 years old at baseline and follow-up times ranging
from 3 to 30 years. This analysis found regular PA associated with a 45%
lower risk of AD compared to being physically inactive or performing
only a low level of PA (Hamer and Chida, 2009). Subsequent
meta-analyses have reported somewhat similar results. A larger analysis
including 21 cohorts with a total of 32158 participants (mean baseline
age ranging from 44.7 to over 90 years) and follow-up times from 12
months to 28 years found high and moderate levels of PA to reduce the
risk of AD by 38% and 29%, respectively, when compared to low or no
PA engagement (Guure et al., 2017). Likewise, meta-analyses including
only studies with subjects older than 65 or 70 years at baseline found
35-39% lower risk of AD in physically active individuals compared with
those who reported only low PA level or no habitual PA at all (Beckett
et al., 2015; Santos-Lozano et al., 2016).

Providing some clarification into the volume of PA needed for
reduced risk of AD, a further analysis suggested that reaching the
internationally recommended PA level of at least 150 min of moderate-
to vigorous-intensity PA per week (Garber et al., 2011) was associated
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with a similar 40% reduced risk of AD in older adults that were 70-80
years old at baseline (Santos-Lozano et al., 2016). Another recent
analysis on reports of leisure-time PA from subjects over 65 years old
revealed a linear dose-response relationship between leisure-time PA
and AD within a weekly leisure-time PA range of 0-45 metabolic
equivalent task (MET: 1 MET defined as 3.5 ml/kg/min VO,, equivalent
to sitting at rest) -hours, where each additional 10 MET-hours per week
leisure-time PA decreased the risk of AD by approximately 13% (Xu
et al., 2017). Considering the common definitions to moderate- (energy
expenditure between 3 and 6 METs) and vigorous-intensity PA (over 6
METs), 10 MET-hours per week equals approximately 100-200 min of
moderate- to vigorous-intensity PA per week and hence the recom-
mended weekly PA according to the international guidelines (Garber
et al., 2011).

While the results from these meta-analyses suggest being physically
active at midlife (45-65 years) and/or at older age is associated with
reduced risk of AD, the follow-up times of most individual studies have
been relatively short and the influence of earlier life PA or life-long PA
on the risk of AD has been less studied. A recent study in 1345 older
adults with a mean age of 75.1 years found that subjects who reported
persistently high leisure-time PA levels from early life (the age of 12-25
years) had a 72% lower risk of AD when compared with those whose PA
levels were persistently low (Ogino et al., 2019). In addition, increasing
PA level from low in early life to high in late life was found associated
with a 40% reduced risk of AD (Ogino et al., 2019). Although conclu-
sions on causal effect cannot be drawn based on this evidence, these
findings together indicate that higher levels of PA are associated with
reduced risk of AD. The findings also imply that the effects of PA may be
accumulative such that being highly physically active throughout life
may confer the greatest protective effect, although the risk of AD may be
significantly decreased also by becoming more physically active later in
life.

The reduced risk of dementia due to AD in more physically active
individuals may largely be explained by the effects of PA on improving
cardiovascular and metabolic health, and not only direct effects on the
brain and AD pathogenesis. A recent meta-analysis where individual-
level data from a total of 404840 individuals (mean age at baseline
45.5 years) from 19 studies were used to investigate the evidence for a
long-term association between PA and risk of dementia provides some
support to this view (Kivimaki et al., 2019). First of all, PA was found
associated with reduced risk of diabetes, coronary heart disease, and
stroke in dose-response manner, independent if the analyses were
restricted to follow-up time of less or over 10 years. Notably, similar
analyses revealed disappearing association for PA and AD or any-cause
dementia with long follow-up duration: when taking into account only
the first 10 years of follow up from baseline, physical inactivity was
found associated with 36% increased risk of AD and 40% increased risk
of dementia of any cause, but, when limiting the analyses to those in-
dividuals with no diagnosis of dementia within the first 10 years of
follow up, there was no indication of an association between physical
inactivity and AD or dementia of any cause. These results suggest that
reduced PA due to preclinical AD (or any dementia) might have
confounded results in studies with shorter follow-up times, and that the
direct effect of PA on pathogenetic mechanisms in AD or dementia of
any cause might be small. Still, physical inactivity was found associated
with a 30% increased risk of dementia beyond 10-year follow-up time
specifically within those individuals with an incident cardiometabolic
disease after baseline (Kivimaki et al., 2019). Therefore, these results
suggest PA might be a specifically significant means for AD and de-
mentia prevention in those individuals with cardiometabolic disease,
further implying that the beneficial effects of PA on cardiovascular and
metabolic health might explain much of the risk-reducing effect.

2.2. Cardiorespiratory fitness

Most prospective studies have only used subjective self-reporting for
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the evaluation of PA, which may cause measurement bias. Depending on
the measure or scale used to evaluate PA, self-reporting can also make it
difficult to compare the results between studies. Thus, studies using an
objective measure of PA are less prone to measurement bias and the
results of such studies may also be more comparable with each other. To
this end, measuring the physical trait CRF can provide additional utility.
CRF reflects the maximal capacity of the combination of cardiovascular
and respiratory systems to provide oxygen to working muscles, as well as
the muscles’ capacity to receive and utilize the oxygen (Taylor et al.,
1955; Wagner, 2000). It is primarily assessed as maximal or peak oxygen
uptake (VO2 max or VO, peak) in a progressive exercise test under
controlled laboratory conditions. Although CRF declines with age and
due to reduced PA (Jackson et al., 2009), it can be improved through
exercise training (Garber et al., 2011). CRF can therefore reflect previ-
ous PA behavior and be used as an independent, controlled, objective
measure to predict health risk. Low CRF is associated with an increased
incidence of cardiovascular disease and all-cause mortality (Harber
etal., 2017; Kodama et al., 2009; Myers et al., 2002), whereas improving
CRF can decrease the risk of both cardiovascular disease and mortality
(Blair et al., 1995; Shah et al., 2016). As several risk factors are common
for cardiovascular disease and AD, it may not be surprising that evidence
showing similar associations between CRF and risk of AD or any de-
mentia has started to build up (Tari et al., 2019; Defina et al., 2013; Kurl
et al., 2018; Horder et al., 2018).

A study in 6104 older adults found higher CRF, estimated based on
performance in a graded treadmill exercise test, associated with reduced
risk of clinical diagnosis of cognitive impairment, AD, or any dementia
within a mean follow-up time of 10.3 years. Having a CRF estimate of
less than 6 METs was associated with a 4.42-fold greater risk relative to
an estimate of more than 12 METs, and a 1-MET increase in CRF was
associated with approximately 8% reduction in the risk of cognitive
impairment (Miiller et al., 2017). Other studies have also found higher
CRF associated with a slower decline in cognitive functions over time
(Barnes et al., 2003; Wendell et al., 2014; Pentikainen et al., 2019).
Importantly, similar associations have also been reported in individuals
at risk of AD due to genetic predisposition or diagnosed mild cognitive
impairment. In 110 late-middle-aged (mean age 64.2 years) individuals
who were considered to be at heightened risk of AD due to parental
history of AD, higher baseline CRF associated with a reduced decline in
cognitive functions over 3-5 years (mean follow up time 3.26 years)
(Dougherty et al., 2021).

Several cohort studies have shown that a higher midlife CRF is
associated with a lower risk of developing AD or other types of dementia
(Defina et al., 2013; Kurl et al., 2018; Horder et al., 2018). In a generally
healthy cohort of 19458 middle-aged (mean age 49.8 years) individuals
followed for an average follow-up of 24 years, the risk of dementia was
36% lower in those within the highest quintile of estimated CRF, as
compared to those in the lowest CRF quintile (Defina et al., 2013). Other
studies including either middle-aged men (Kurl et al., 2018) or women
(Horder et al., 2018) similarly found high CRF to be inversely related to
the incidence of dementia, suggesting that high CRF predicts a lower risk
of dementia both in middle-aged men and women. This is notable as sex
differences are seen in AD prevalence, where women represent a clear
majority of AD patients (Association, 2021). For example, a large
population-based study with data from 7901 individuals found that after
reaching the age of 45 years, women had almost two times greater risk
(approximately 20%) of developing dementia due to AD during the rest
of their lifetime when compared to men (Chene et al., 2015). However, it
is also noteworthy that this difference was identified to partly reflect a
higher frequency of cardiovascular deaths among men before the age of
65 years (Chene et al., 2015).

Associations between changes in CRF and the risk of dementia spe-
cifically due to AD have not been studied, but current evidence suggests
associations with dementia of any cause. In a population-based study
with 3559 individuals, changes in self-perceived physical fitness of
middle-aged individuals were found associated with the risk of dementia
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within the next three decades (Kulmala et al., 2014). The risk was found
higher in those whose perceived physical fitness was low at midlife,
while those with a decline in physical fitness had a further increased risk
of dementia (Kulmala et al., 2014). A recent prospective cohort study by
Tari et al. using data from the large population-based Nord-Trgndelag
Health Study (HUNT) provided further evidence of a relationship be-
tween CRF change and the risk of any-cause dementia (Tari et al., 2019).
The analyses in this study showed improving CRF or maintaining it at a
higher level relative to the least fit quintile of individuals within the
same age group, associated with significantly reduced risk of dementia
and dementia-related mortality when compared with having persis-
tently low CRF over time. In a subcohort of 320 adults followed for a
median time of 7.6 years, subjects who had improved their estimated
CRF from baseline over time were found to have reduced their risk of
dementia by 48%, with each 1-MET (3.5 ml/kg/min VOZ2) increase in
CRF reducing the risk by 16%. After a median follow-up time of 19.6
years, improvement of CRF was also associated with 28% reduced risk of
dementia-related mortality in a large cohort of 30375 adults, each
1-MET improvement reducing the risk by 10%. Importantly, increase in
CRF was associated with 2.2 years delayed onset of dementia and 2.7
years longer life. Maintaining high CRF was also associated with a
reduced risk of dementia and dementia mortality in this sample (Tari
et al., 2019). In summary, even though conclusions on causality cannot
be made based on existing studies, accumulating evidence suggests that
improving CRF or maintaining it at a high age-relative level could pro-
tect against cognitive decline and the development of dementia later in
life.

2.3. Exercise may enhance cognitive reserve

Alongside its beneficial effects on several risk factors for AD, exercise
training can promote structural and functional changes in the brain (as
described in Section 3) that might enhance the brain’s capacity and
resilience to tolerate more damage before the manifestation of cognitive
impairment (Pedrinolla et al., 2017). The so-called brain reserve and
cognitive reserve are partly overlapping concepts proposed to explain
substantial individual differences in the relationship between the degree
of brain damage or AD pathology and cognitive performance (Stern
etal., 2019). The brain reserve refers more to the structural properties of
the brain, such as the number of neurons and synaptic connections,
whereas the cognitive reserve describes more of a functional ability of
the brain to adapt and compensate for damage (Stern et al., 2019).
Therefore, enhanced brain and/or cognitive reserve with PA could help
explain why the risk of AD seems to be reduced in people who are
physically active or have high CRF. Considerable evidence from obser-
vational and experimental studies provides indirect support to such a
view. In line with the observational data showing PA associated with
reduced cognitive decline over time, several experimental studies have
also shown exercise training to be beneficial for cognition.

A recent meta-analysis of 36 RCTs including physical exercise
intervention in adults above 50 years old, found a significant positive
effect of exercise on cognitive functions independent of the participants’
baseline cognitive status (Northey et al., 2018). However, the intensity
of exercise may play a significant role in mediating the positive effects of
exercise on cognition, as only high- and moderate-intensity exercise
training were found to exert significant effects on cognition (Northey
etal., 2018). Findings from a recent RCT with previously sedentary older
adults performing either high-intensity interval training,
moderate-intensity continuous training, or stretching 3 times a week for
12 weeks also support the relevance of exercise intensity and improved
CRF for cognitive benefit (Kovacevic et al., 2019). In this study, the
high-intensity group demonstrated significantly greater memory per-
formance improvements than the other groups, and overall, greater
improvements in CRF were associated with greater improvements in
memory test performance across all groups. Still, it is worth noting that
the memory function of the participants was only tested once within
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48 h after finishing the intervention, which leaves open the possibility
for only an acute beneficial effect of high-intensity exercise on perfor-
mance in the used test (Kovacevic et al., 2019). In another RCT, 101
adults aged 65 or older were randomized either into one of three
intervention groups performing 75, 150, or 225 min of
moderate-intensity aerobic exercise per week for 26 weeks, or into a
control group advised to remain their current (low) PA level (Vidoni
et al., 2015). CRF was improved in all the exercise intervention groups
compared to their baseline, and unlike the control group, exercise
groups also improved performance in simple attention and visuospatial
processing tests (Vidoni et al., 2015). Notably, the magnitude of change
in CRF after the training intervention was strongly correlated with
performance in cognitive tasks. In fact, this association was more sig-
nificant than that found between the total volume of exercise and per-
formance in cognitive tasks (Vidoni et al., 2015). These findings suggest
that changes in CRF may be an important predictor of how a patient’s
cognitive function progress after exercise training programs. Similarly,
in a smaller cohort enriched for family history of AD and the APOE &4
allele (genetic predisposition to AD), improvements in executive func-
tion following progressive exercise training for 26 weeks were found to
correlate with increases in CRF (Gaitan et al., 2019).

Together with the evidence from observational studies, these find-
ings among healthy older adults suggest that PA has beneficial effects on
cognitive functions such as memory, attention, and overall executive
functions, which may at least partly explain the association between
higher levels of PA and reduced risk of developing dementia through the
enhanced brain and/or cognitive reserves in more physically active in-
dividuals. However, another question is whether exercise benefits
cognitive function also in patients who are already diagnosed with AD.

2.4. Exercise and cognitive functions in AD

Longitudinal studies in early-stage AD patients have found greater
volume of PA and higher CRF at baseline associated with slower clinical
progression rate over the following one to three years (Minn et al., 2018;
Vidoni et al., 2012). Meta-analyses of RCTs with exercise interventions
in AD patients have also concluded that aerobic exercise may improve
cognitive functions or slow cognitive decline in AD patients (Groot et al.,
2016; Du et al., 2018b; Jia et al., 2019). A meta-analysis of 18 RCTs with
exercise interventions found a similar beneficial effect of exercise on
cognitive functions in patients with AD as in any-cause dementia (Groot
et al., 2016). Notably, interventions including aerobic exercise, or both
aerobic and non-aerobic exercise were found to enhance cognitive
functions, whereas interventions with only non-aerobic exercise showed
no benefit on cognition (Groot et al., 2016). Another meta-analysis of 7
RCTs with exercise interventions including at least an aerobic compo-
nent and global cognitive function measured specifically using a
Mini-Mental State Examination (MMSE) also concluded a positive effect
of exercise on cognition in AD patients (Du et al., 2018b). Likewise, a
recent meta-analysis of 13 RCTs with a total of 673 AD patients also
reported improved MMSE scores in patients performing moderate or
high-to-moderate intensity PA or exercise (Jia et al., 2019). Collectively,
the meta-analyses support the view that aerobic exercise can exert
beneficial effects on cognitive functions also in AD patients. Still, the
studies included in these analyses mostly included a small number of
participants, and varying inclusion criteria for subjects in these studies
complicates comparison between studies. Considering the long
pre-clinical phase in AD development and the lack of definite clinical
diagnostic tools for the disease, the patients included in these studies
may represent highly varying stages of the disease. It may be that if the
disease already has progressed too far (to clinical phase), the profound
pathological changes in the brain could hamper gaining cognitive
benefit from exercise.

In a recent study including not only patients with AD (n = 60) but
also those diagnosed with mild cognitive impairment due to AD
(n = 27), six months of exercise training and cognitive training were
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found similarly beneficial methods at preventing a decline in global
cognitive function (MMSE) in both patient groups whereas respective
control groups receiving normal pharmacological treatment showed
significant declines in MMSE scores (—11.8% in mild cognitive impair-
ment and —16.2% in AD patients) (Fonte et al., 2019). Another measure
of global cognitive function (ADAS-Cog: Cognitive subscale test of the
Alzheimer’s Disease Assessment Scale) specifically measured in AD pa-
tients also showed a significant decline in cognitive function for the
control group but improvement for the exercise training and cognitive
training groups. Exercise training also prevented unfavourable changes
in various measures of cardiovascular health and in a 6-minute walk test
performance that was used to assess changes in the patients’ fitness.
Remarkably, the beneficial effects of exercise training on cognitive
functions in mild cognitive impairment patients extended to follow-up
measurements three months after the completion of the intervention,
while AD patients showed a decline in global cognitive function over this
period (Fonte et al., 2019). These results suggest that regular exercise
training can have wide beneficial cognitive and cardiovascular health
effects both in preclinical and established AD, and suggest that persistent
exercise training might be particularly important for the maintenance of
cognitive functions in patients clinically diagnosed with AD.

It is noteworthy that some larger RCTs did not find significant effects
of exercise interventions on cognitive functions in AD patients (Hoft-
mann et al., 2016; Ohman et al., 2016; Yu et al., 2021). One of the largest
studies to date included 210 AD patients allocated into three groups: two
groups performing supervised exercise for approximately 1 h twice a
week for one year, either alone at home (n = 70) or together with others
in an adult daycare center (n = 70), and a control group receiving
standard care (n = 70) (Ohman et al., 2016). Home-based exercise
training and group-based exercise training were highly versatile
including aerobic, strength, endurance, balance, and dual-task training.
Although a slight improvement in executive function was found for the
home-based exercise group, verbal fluency and global cognitive function
(MMSE) deteriorated similarly in all groups (Ohman et al., 2016). Since
evidence for beneficial cognitive effects from exercise comes mainly
from studies concentrating on aerobic exercise, one cannot rule out that
the proportion/volume of aerobic exercise in this study was too low to
result in such effects. In another study including a total of 200 patients
with mild AD, the patients performed either supervised
moderate-to-high intensity exercise three times a week for four months
or received standard care (Hoffmann et al., 2016). While there was no
significant difference between the two groups in global cognitive func-
tion (MMSE), a comparison between the control group and exercisers
with at least 80% compliance to the protocol (n = 66) revealed signif-
icant effects of exercise on neuropsychiatric symptoms and performance
in a test of attention and mental speed (Hoffmann et al., 2016). Subse-
quent analyses further revealed that within the 49 patients whose CRF
was objectively measured, changes in CRF positively correlated with
these changes (Sobol et al., 2018). In the largest RCT to include an ex-
ercise intervention in dementia patients to date approximately 80% of
the total 494 individuals with mild to moderate dementia included in
the study were diagnosed with AD (Lamb et al., 2018). The patients were
randomized to either perform aerobic and strength exercise training
(n = 329) or to receive usual treatment (n = 165) for one year. For the
first 4 months, exercise training consisted of one hour of unsupervised
exercise and two 60- to 90-minute-long supervised exercise sessions per
week. Thereafter the patients in the exercise intervention arm were
instructed to exercise at home with a target of reaching a total of
150 min of exercise per week. After six weeks of exercise training, the
exercise group showed improved six-minute walk test performance,
suggesting these exercises were effective in improving patients’ fitness
at least at the very beginning of the intervention. Global cognitive
function was assessed using ADAS-Cog at 6 months and 12 months, and
where both groups of patients showed declines in cognitive function at
both time points, impairment at 12 months was found more profound in
the patients following the exercise intervention. Subgroup analyses
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showed similar unexpected results also for patients diagnosed with AD
(Lamb et al., 2018). Because exercise was supervised only for the first 4
months and fitness tested only at baseline and six weeks in, it is possible
that the nature of the unsupervised at-home exercise might have devi-
ated significantly from the supervised and any potential beneficial
(short-term) effects from earlier exercise might have faded before the
first assessment of cognitive function.

This evidence with AD patients corroborates the previous conclusion
on healthy older adults and suggests that challenging the cardiorespi-
ratory and skeletal muscle systems through aerobic exercise training
may confer some beneficial effects on cognitive functions, and a change
in CRF might be an important mediator of these effects. This view is also
supported by a recent study where CRF and performance in six-minute
walk test were found positively correlated with global cognitive func-
tion (MMSE) in patients diagnosed with mild cognitive impairment or
dementia due to AD (Pedrinolla et al., 2019). Fortunately, with high
enough volume and intensity of exercise, CRF can be improved in most
people (Garber et al., 2011; Ross et al., 2015), also in AD patients (Sobol
etal., 2018). As aerobic exercise training leads to several positive effects
on cardiovascular health, such as improved endothelial function
(Campbell et al., 2019), reduced vascular stiffness (Shibata et al., 2018),
and reduced blood pressure (Whelton et al., 2002; Cornelissen and
Smart, 2013), it is reasonable that high CRF may also be positively
linked to favourable cardiovascular health and attenuated cardiovas-
cular risk factors (Lin et al., 2015; Defina et al., 2013). Indeed, similar to
the associations found for CRF, a better midlife cardiovascular health
profile is associated with slower cognitive decline (Samieri et al., 2018;
Olaya et al., 2019; Gonzalez et al., 2018), and a lower risk of AD (Pase
et al., 2016). Thus, even though exercise and vascular health manage-
ment may also independently provide neuroprotective effects (Rabin
et al., 2019), the beneficial effects of PA and exercise on cognition and
risk for AD may be partly mediated by improved cardiovascular health.
Importantly, recent studies have shown beneficial effects of exercise
training on various aspects of cardiovascular health and function also in
AD patients (Fonte et al., 2019; Pedrinolla et al., 2020), and the
accompanying effects of exercise on patients’ locomotion, mobility, and
ability to perform activities of daily living may have important impli-
cations for their quality of life and disease burden (Enette et al., 2020;
Vidoni et al., 2019; Pedrinolla et al., 2018).

The associative evidence between PA levels and mental health is
robust and convincing. This knowledge from observational studies
propelled further investigations in interventional trials, to verify the
effects of exercise in mental disorders in general and in AD patients.
Although these studies were important, there is a long way to go. Most
clinical trials involved small cohorts, so the limited statistical power and
unstandardized methodology complicate a comparison among studies,
which results in weak conclusions. At this moment, the state of the
knowledge indicates that exercise training improves cognitive function
in healthy older adults, while evidence in AD patients has not been
strongly conclusive, with some notes of improvements in cognitive tests
appearing to be more evident in patients experiencing greater im-
provements in CRF. It also remains unclear whether more pronounced
results may be achieved with optimal exercise protocols. This calls for
large studies comparing exercise modalities, intensity, and volume in AD
patients. Overall, what does it mean for AD patients? It means that ex-
ercise appears to be useful for treatment in the early stages of AD and
prevention of dementia in general, but it remains difficult to provide
specific exercise recommendations for AD prevention and/or therapy.
Therefore, more extensive clinical trials are expected with great antici-
pation by the medical community.

3. Potential neuroprotective mechanisms
Several mechanisms through which exercise may enhance the brain

and cognitive reserves, i.e., promote brain plasticity and cognitive
function, as well as protect the brain from AD-related pathology are
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discussed more in detail in the following sections and summarized in
Fig. 1.

3.1. Enhanced cerebral blood flow

Proper brain metabolism and function are dependent on adequate
cerebral blood flow (Kisler et al., 2017). To meet the changing energy
requirements, cerebral blood flow in a healthy brain is finely regulated
by local changes in neural activity, a relationship termed neurovascular
coupling (Kisler et al., 2017). In contrast, cerebrovascular dysregulation
and hypoperfusion, potentially driven by Ap pathology and vascular
inflammation (Nortley et al., 2019; Cruz Hernandez et al., 2019; Lu
et al.,, 2020), may arise early in AD and precede brain atrophy and
cognitive decline (Iturria-Medina et al., 2016; Ruitenberg et al., 2005).
Indeed, in older adults of similar age and with similar PA levels, cortical
blood flow was found to progressively diminish from the highest
perfusion measured in the healthy brain to those in mild cognitive
impairment, mild AD, moderate AD, and severe AD (Venturelli et al.,
2018). Of note is that measures of systemic vascular function and nitric
oxide bioavailability showed similar progressive decline across this
AD-related cognitive impairment spectrum (Venturelli et al., 2018).
Remarkably, cerebral hypoperfusion may also predict faster cognitive
decline in AD (Hanyu et al., 2010). As demonstrated by animal studies,
cerebral hypoperfusion and hence limited tissue oxygenation, nutrient
delivery and metabolite clearance may accentuate cognitive impairment
through a plethora of detrimental changes, including accelerated Af and
tau accumulation (Nortley et al., 2019; Lu et al., 2020; Park et al., 2019),
mitochondrial dysfunction (Parodi-Rullan et al., 2019), increased for-
mation of reactive oxygen species and oxidative damage (Parodi-Rullan
et al., 2019), blood-brain barrier breakdown (Shang et al., 2016), all
finally culminating in neurodegeneration (Shang et al., 2016).

Importantly, better cardiovascular health is associated with a supe-
rior caliber and density of cerebral blood vessels, as well as a higher
cerebral blood flow in young adults (< 40-year-old) (Williamson et al.,
2018). Consistent with those findings, a recent study with 20 years of
longitudinal follow-up found higher midlife cardiovascular risk score
associated with lower cerebral blood flow later in life, although such
association was weakened later in life (Suri et al., 2019). Critically,
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exercise training may improve cerebrovascular regulation and enhance
cerebral blood flow through improved cardiovascular health or reduced
vascular risk factors (Williamson et al., 2018; Suri et al., 2019),
enhanced formation of new vasculature (Maass et al., 2016), and
enhanced cerebral arterial elasticity (Tan et al., 2017a) and cerebro-
vascular endothelial function (Green et al., 2004; Hong et al., 2020). For
instance, regular aerobic exercise increases the bioavailability of nitric
oxide, a major mediator of vasodilation (Green et al., 2004). This occurs
through enhanced levels of endothelial nitric oxide synthase, hence
potentially improving endothelial function and regulation of blood flow
also within the brain (Green et al., 2004; Hong et al., 2020). Recent
studies in healthy middle-aged to older adults and in patients with
amnestic mild cognitive impairment reported 6 months and one year of
aerobic exercise training, respectively, effective on improving CRF also
beneficial on cerebral blood flow and cognitive functions, and further
found that the beneficial effects of exercise on cerebrovascular regula-
tion and cerebral blood flow may be associated with changes in cogni-
tive functions (Guadagni et al., 2020; Thomas et al., 2020; Tomoto et al.,
2021). However, in symptomatic AD, the effects of exercise training on
cerebral blood flow might be diminished. Although exercise training has
been shown beneficial on peripheral vascular function also in patients
with mild to moderate AD (Pedrinolla et al., 2020), and 16 weeks of
moderate-to-high intensity aerobic exercise three times a week
improved CRF in patients with mild AD, no effect of this exercise was
found on cerebral blood flow (van der Kleij et al., 2018). The lack of
effect may be due to shorter intervention, but these findings might also
reflect attenuated response in AD and therefore further suggest the
importance of earlier preclinical actions for improving CRF and car-
diovascular health to reduce the risk for cognitive impairment and AD in
later age.

3.2. Preservation of brain tissue

Brain atrophy occurs with normal aging but accelerated regional
atrophy is characteristic to neurodegenerative diseases such as AD (Pini
et al., 2016). The medial temporal lobe memory system is subject to
progressive atrophy from the early stages of the disease (Kobro--
Flatmoen et al., 2021), which correlates with the progression of
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Fig. 1. The image summarizes the proposed mechanisms underlying the benefits of exercise in the brain. The AMPK-SIRT1-PGCla axis is activated by exercise and is
a key regulator of bioenergetic in the neuronal microenvironment. Physical activity also boosts the synthesis and secretion of various biomolecules by other organs,
ultimately reaching the brain to exert positive effects, as detailed in the review. Those molecules may demonstrate synergic effects and be capable of potentiating the
actions of one another. The increased bioavailability of nitric oxide, as well as PGCla activity in skeletal muscle, stimulate angiogenesis and promote vascular health
throughout the body, consequently improving blood flow and optimizing the supply of oxygen and nutrients to the brain. Overall, exercise promotes an interplay
between the brain and other organs, eventually culminating in enhanced brain plasticity and reduced neuroinflammation, which could reduce the risk of Alz-

heimer’s disease.
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cognitive decline (Dawe et al., 2020; Jack et al., 2000). PA and aerobic
exercise training may mitigate brain atrophy related to aging and AD
development, thus delaying cognitive decline and the onset of dementia.
Several longitudinal studies have shown higher baseline PA and CRF
associated with greater brain volumes after mean follow-up times of
4.5-21 years (Dougherty et al., 2021; Rabin et al., 2019; Erickson et al.,
2010; Rovio et al., 2010; Braskie et al., 2014; Zhu et al., 2015; Spartano
et al., 2016; Tan et al., 2017b; Zotcheva et al., 2019). Intervention
studies with 6-12 months of aerobic exercise training have also sup-
ported causal effect and reported associations between changes in CRF
and various brain volume measures both in healthy older adults and in
AD patients (Colcombe et al., 2006; Erickson et al., 2011; Reiter et al.,
2015; Morris et al., 2017). A five-year intervention study in healthy
older adults, however, did not find changes in CRF associated with brain
volume changes, but instead, found higher baseline CRF associated with
greater cortical volume at all 1, 3, and 5-year measurements (Pani et al.,
2021).

Sitting atop the medial temporal lobe memory system, the hippo-
campus plays a key role in declarative memory (Burgess et al., 2002)
and, along with its main source of input, the entorhinal cortex, the
hippocampus suffers accelerated atrophy even in preclinical stages of
AD (Jack et al., 2000, 1998). Three months of aerobic exercise training
was found to improve CRF and increase hippocampal volume and
perfusion in healthy older adults, and these changes correlated posi-
tively with changes in recognition memory (Maass et al., 2015). Simi-
larly, CRF changes associated with changes in hippocampal volume and
memory in early-stage AD patients following six months of aerobic ex-
ercise training (Morris et al., 2017). These results suggest that the
beneficial effects of exercise on cognitive functions may be linked to
changes in hippocampal perfusion and structure. A meta-analysis of 14
human studies including a total of 737 individuals with varying cogni-
tive status found that aerobic exercise had a significant positive effect on
hippocampal volume, specifically the left hemisphere, but the effect of
exercise on total hippocampal volume was not found to be statistically
significant for the total sample (Firth et al., 2018). In contrast, a more
recent meta-analysis including 22 studies of which all but one included
at least an aerobic exercise component in the exercise intervention,
found a significant effect of exercise on total hippocampal volume, but
not specifically on either hemisphere (Wilckens et al., 2021). Caveats of
the existing studies are that they have been, so far, relatively
short-lasting and comprised very different exercise programs in varying
populations, and thus, more studies are needed to make more compel-
ling conclusions on the effect of exercise, and more specifically the ex-
ercise frequency and intensity, on human hippocampal volume (Firth
etal., 2018; Wilckens et al., 2021). Interestingly, results from a five-year
exercise intervention study in older adults showed greater hippocampal
atrophy in a high-intensity interval training group when compared to a
control group that showed high adherence to national PA guidelines
reaching at least 30 min of daily PA (Pani et al., 2021). Although the
annual atrophy rates (1.1% for the high-intensity and 0.8% for the
control group) were well within normal ranges, these results suggest the
exercise parameters may significantly modulate the effects of exercise
on the hippocampus and should be further investigated.

Collectively, reduced cerebral atrophy may partly explain the
reduced risk of AD dementia in physically active and high-fitness in-
dividuals compared to those who are more sedentary and have lower
CREF. As also suggested by the evidence of cerebrovascular dysregulation
and hypoperfusion preceding brain atrophy (Iturria-Medina et al.,
2016), the beneficial effects of exercise on cardiovascular health may at
least partly mediate the protective effect on brain volume (Pase et al.,
2018; Lane et al, 2019). Two recent studies not only showed
cross-sectional associations between higher vascular risk factor scores
and lower brain volumes but also that longitudinally, higher vascular
risk scores earlier in life showed the greatest associations with later
brain volumes (Pase et al., 2018; Lane et al., 2019). Overall, these lines
of evidence suggest that exercise training and its beneficial effects on the
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cardiovascular system may help preserve brain tissue and even enhance
the volume of the important hippocampus by ensuring proper regulation
of cerebral blood flow and hence delivery of essential oxygen, nutrients,
and other neurotrophic factors to the brain. In the next section, we take a
step further into detail to the forms of brain plasticity promoted by ex-
ercise in the hippocampus.

3.3. Promoted brain plasticity

3.3.1. Hippocampal plasticity in rodents

It is well established that adult hippocampal neurogenesis, i.e., for-
mation of new neurons, occurs in the rodent brain, where it declines
with aging (Kuhn et al., 1996; Kempermann et al., 1998). A recent study
demonstrated a reversal of age-related decline in hippocampal functions
by genetically stimulated neurogenesis (Berdugo-Vega et al., 2020).
Specifically, an acute increase in neurogenesis restored declines in
allocentric navigation and spatial memory in old mice, whereas chronic
increase preserved contextual learning throughout life, suggesting the
relevance of neurogenesis for maintained or improved hippocampal
function and cognition (Berdugo-Vega et al., 2020). Also, ablating
neurogenesis in AD mice at an early stage of the AD-like pathogenesis
exacerbated neuronal loss and cognitive impairment in later stages of
the disease, further suggesting its importance in the maintenance of the
existing neuronal population (Choi et al., 2018). Together these findings
suggest that early interventions able to counteract the age- or
disease-related decline in neurogenesis may also be beneficial with
regards to preserving cognitive functions.

Remarkably, aerobic exercise has been widely shown as a potent
stimulator of neurogenesis in the dentate gyrus, which may account for
at least part of the associated improvements in cognition reported in
rodents (van Praag et al., 1999, 2005; Vivar et al., 2016), including
rodent AD models (Choi et al., 2018; Adlard et al., 2005). It was first
shown in mice that voluntary wheel running enhances the number of
new-born cells in the dentate gyrus and improves learning and memory
(van Praag et al., 1999a; van Praag et al., 1999b). Later studies have
further demonstrated that exercise not only promotes the formation of
new neurons but also their morphological maturation and integration
into neuronal circuitry (Vivar et al., 2016; van Praag et al., 2002; Sah
et al., 2017). Furthermore, the newly generated neurons may transiently
show enhanced excitability and lower threshold for induction of
long-term potentiation, or the strengthening of synapses, which is
thought to underlie learning and memory (Farmer et al., 2004;
Schmidt-Hieber et al., 2004; Bliss and Lomo, 1973). Exercise also pro-
motes cerebral angiogenesis (van Praag et al., 2005; Swain et al., 2003;
Morland et al., 2017; Lopez-Lopez et al., 2004), the formation of new
vasculature, which seems closely linked and supportive to neurogenesis,
potentially to meet the needs for trophic factors (Palmer et al., 2000;
Shen et al., 2019).

In addition to promoting neurogenesis, exercise-induced plasticity of
pre-existing neurons may also contribute to the improvements in
cognitive performance. This plasticity is known to involve increases in
dendritic length and complexity, as well as in dendritic spine density, all
of which have been reported in neurons of the hippocampal circuitry
(Serra et al., 2019; Eadie et al., 2005; Redila and Christie, 2006; Stra-
nahan et al., 2007). These alterations may be long-lasting and persist
independent of subsequent PA at least after early life exercise (Serra
et al., 2019). In addition to enhanced structural plasticity, exercise also
enhances hippocampal long-term potentiation with accompanying im-
provements in learning and memory, both in wild-type rodents and in
transgenic rodent models of AD (van Praag et al., 1999; Farmer et al.,
2004; Zhao et al., 2015). Overall, not only can exercise induce an in-
crease in hippocampal neuronal number but also trigger modifications
in neuronal networks and synaptic plasticity that all contribute to
improved cognitive functions.
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3.3.2. Hippocampal plasticity in humans

Generation of new neurons in the hippocampal dentate gyrus in
humans was first demonstrated in 1998 (Eriksson et al., 1998), and
recent studies have provided further evidence to suggest this hippo-
campal neurogenesis persists throughout a human lifetime (Boldrini
et al., 2018; Moreno-Jiménez et al., 2019). Of note, a significantly lower
number of immature neurons were found in the post-mortem brain of
AD patients than in healthy controls independent of age, and the number
of cells was further decreased with later stages of AD, thus suggesting a
progressive decline in neurogenesis with AD (Moreno-Jiménez et al.,
2019). Another study similarly reported persistent neurogenesis at very
old age in the brain of subjects with mild cognitive impairment or AD
but additionally found a higher level of neurogenesis associated with
better cognitive status (Tobin et al., 2019). In line with the evidence
from animal studies mentioned above, these findings imply that the
degree of neurogenesis may play an important role in human cognitive
function.

Whether exercise training stimulates hippocampal plasticity with
implications to cognition in humans like that in rodents is largely un-
known. There is, however, indirect evidence to suggest effects of exer-
cise on hippocampal adult neurogenesis and angiogenesis also in
humans. It was shown that 3 months of aerobic exercise not only
improved CRF, but also increased the cerebral blood volume specifically
in the dentate gyrus in humans 21-45 years of age (Pereira et al., 2007).
The individual changes in the CRF and dentate gyrus volume were also
correlated. In mice, similar exercise-induced increases in dentate gyrus
blood volume correlated with enhanced neurogenesis (Pereira et al.,
2007). The region-specific increase in the blood volume may reflect
exercise-induced angiogenesis in the dentate gyrus to meet the increased
need for nutrients (Palmer et al., 2000; Pereira et al., 2007). Thus, the
observed increase in human dentate gyrus blood volume after exercise
training might have also been accompanied by promoted neurogenesis
in the adult human brain (Pereira et al., 2007). It is therefore possible
that the findings of increased hippocampal volumes from aerobic exer-
cise training in humans reflect promoted hippocampal neurogenesis and
angiogenesis (Maass et al., 2016; Erickson et al, 2010;
Horgusluoglu-Moloch et al., 2019).

Thus, PA and exercise may be able to partially compensate for age-
and AD-related neurodegeneration and protect the brain from cognitive
impairment through stimulatory effects on neurogenesis, angiogenesis,
and synaptic plasticity. Promotion of these key mechanisms of brain
plasticity and the structural and functional changes they entail may help
enable brain and cognitive reserve and hence provide more resilience to
AD pathology and delay the onset of dementia. However, there are also
potential direct effects of exercise on AD pathology that likely play a part
in the protection of the brain against AD.

3.4. Prevented AD pathology

As was already mentioned in the introduction, the first pathological
changes in AD may occur decades before clinical symptoms (Dubois
et al., 2016; Jack et al., 2013). Specifically, the intracellular accumu-
lation of soluble oligomeric forms of Ap, preceding the formation of the
hallmark extracellular Af plaques, has been proposed as a key early
event in the disease progression (Long and Holtzman, 2019; Hardy and
Higgins, 1992). A recent study mapping alterations in neocortical pro-
teins from non-AD to preclinical AD further found that initial changes
associate with endocytosis and the secretory pathway, suggesting subtle
alterations at synaptic contacts as a key early change, possibly brought
on by oligomeric forms of Af (Li et al., 2021). Microtubule-associated
tau-protein abnormalities resulting in the aggregation of hyper-
phosphorylated tau to form the neurofibrillary tangles also begins many
years before clinical onset (Henstridge et al., 2019; Hanseeuw et al.,
2019). Other pathological events in early, preclinical AD include neu-
roinflammation (Heppner et al., 2015), impaired glucose metabolism
(An et al., 2018), and loss of mitochondrial function and dynamics
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(Swerdlow, 2018). The gradual progression of AD pathology, including
increased oligomeric forms of Ap (Naslund et al., 2000; McLean et al.,
1999), tau pathology (Hanseeuw et al., 2019; Aschenbrenner et al.,
2018), and to a lesser extent extracellular Af plaques (Nelson et al.,
2012) correlates with the severity of cognitive impairment resulting
from synaptic and neuronal dysfunction and loss. In the following sec-
tions we provide evidence on how exercise impacts the
above-mentioned AD pathologies.

3.4.1. Amyloid pathology

Studies in rodent AD models have found aerobic exercise training to
reduce both the levels of soluble Af (He et al., 2017; Alkadhi and Dao,
2018; Moore et al., 2016; Khodadadi et al., 2018; Xia et al., 2019b;
Zhang et al., 2019) and Ap plaque load (Choi et al., 2018; Adlard et al.,
2005; Khodadadi et al., 2018; Xia et al., 2019b; Zhang et al., 2018; Liu
et al.,, 2013) when compared to remaining sedentary. Several mecha-
nisms by which exercise may alleviate amyloid pathology have also been
proposed, including downregulation of p- and y-secretases which are the
enzymes responsible for the formation of Ap through sequential pro-
teolytic processing of amyloid precursor protein, but also enhanced
central and peripheral clearance of Ap (He et al., 2017; Alkadhi and Dao,
2018; Moore et al., 2016; Khodadadi et al., 2018; Xia et al., 2019b;
Zhang et al., 2019, 2018).

Findings from observational studies in humans investigating the as-
sociation between PA and amyloid pathology are contradictory (Brown
et al., 2019), but several studies have suggested slower amyloid accu-
mulation with greater engagement in PA (Rabin et al., 2019; Liang et al.,
2010; Brown et al., 2013; Okonkwo et al., 2014; Law et al., 2018).
Human interventional studies have not found that exercise alleviates
amyloid pathology. The only two existing studies in AD patients both
reported no effect of 16-week long moderate-to-high intensity exercise
intervention on cerebrospinal fluid (CSF) Ap levels (Steen Jensen et al.,
2016) or cortical Ap (Frederiksen et al., 2019). It is possible that the
duration of the interventions may not have been long enough to show a
modifying effect of exercise on AB. Also, exercise may have greater ef-
fects on amyloid pathology in the earlier stages of the disease. Indeed, in
a transgenic mouse model of AD showing progressive Ap deposition
from the age of 4 months, a 5-month exercise intervention resulted in
reduced soluble Af levels in both 8- and 17-month-old mice compared to
age-matched sedentary counterparts, whereas amyloid plaque load was
only reduced in the younger mice (Zhao et al., 2015). However, recent
studies with amnestic mild cognitive impairment patients and cogni-
tively unimpaired older adults with either elevated or subthreshold
brain amyloid levels found no effects of one-year aerobic exercise
training on brain A (Tarumi et al., 2019; Vidoni et al., 2021). Overall,
despite the promising findings from interventional studies in rodent
models of AD suggesting exercise to reduce the accumulation of Ap in
the brain, current evidence from studies in humans is not sufficient to
conclude such beneficial effect of exercise on amyloid pathology in the
human brain yet.

3.4.2. Tau pathology

Tau hyperphosphorylation, which precedes the formation of neuro-
fibrillary tangles, has been reported to reduce with exercise in transgenic
AD mice (Liu et al., 2013), as well as in several models of tauopathies
(Brown et al., 2019). Studies in cognitively healthy humans have shown
higher levels of self-reported PA associated with lower tau levels (Brown
et al, 2018), and greater accelerometer-measured levels of
moderate-intensity PA associated with lower CSF ratios of total tau and
phosphorylated tau to Ap42 (Law et al., 2018). These findings may be of
high importance, as the accumulation of neurofibrillary tangles corre-
lates with the severity of dementia in terms of neuron loss, synaptic loss,
and the degree of cognitive impairment (Nelson et al., 2012; Arriagada
et al., 1992; Brier et al., 2016; Ingelsson et al., 2004), and reducing
hyperphosphorylated tau may alleviate neuronal dysfunction and
behavioural abnormalities (Roberson et al., 2007). Still, the overall
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evidence for a potential causal effect of exercise on tau pathology is
limited.

3.4.3. Neuroinflammation

Recent evidence suggests neuroinflammation, or a chronic immune
response of the brain, to have a key role in AD pathogenesis. This is
largely mediated by microglia and astrocytes, which are known to have
important homeostasis-maintaining functions in a healthy brain,
whereas in AD, the actual roles of these cells may range from neuro-
protective to neurotoxic depending on the stage of the disease (Shi and
Holtzman, 2018; Arranz and De Strooper, 2019). These processes are
complex and our understanding of them remains limited. For example,
one line of research suggests microglia may initially phagocytose Ap
peptides protecting the brain from plaque deposition (Keren-Shaul et al.,
2017). Microglial functions may thereafter vary from promoting Ap
formation to degrading the forming plaques (Shi and Holtzman, 2018).
Other, recent findings suggest microglia may coax plaques into their
classical, dense-cored shape, and that this is a protective measure
serving to minimize the impact of Ap on neurons (Huang et al., 2021).
Following later accumulation of tau pathology and neuronal insult,
microglia may promote tau pathology and recruit reactive astrocytes to
secrete neurotoxic factors to further drive neurodegeneration (Shi and
Holtzman, 2018; Arranz and De Strooper, 2019).

Systemic inflammation may cause neuroinflammation and aberrant
microglial and astrocytic activation to drive neurodegeneration through
chronic generation of proinflammatory mediators and neurotoxic fac-
tors (Shi and Holtzman, 2018; Arranz and De Strooper, 2019). Indeed,
markers of systemic inflammation, such as C-reactive protein levels,
have been shown to predict longitudinal changes in regional brain vol-
ume and cortical thickness (Corlier et al., 2018), as well as in cognitive
functions (Beydoun et al., 2018; Walker et al., 2019). Thus, evidence of
exercise training and CRF as modulators of systemic inflammation may
partly explain the protective role of exercise and higher CRF against
neurodegeneration and cognitive decline (Fedewa et al., 2017; Dorneles
et al., 2019). Correspondingly, several studies in rodent AD models have
shown exercise to reduce the levels of inflammatory mediators and
markers of neuronal death (Do et al., 2018; Lu et al., 2017), potentially
due to improved mitochondrial function and modulation of microglial
activation (Lu et al., 2017).

3.4.4. Brain metabolism

Mitochondria are organelles central in energy metabolism and show
both structural and functional impairment in AD. Inflammation may
impair mitochondrial function, whereas mitochondrial dysfunction may
in turn exacerbate inflammation, thus creating a vicious cycle that may
drive neurodegeneration (van Horssen et al., 2019). Also, accumulation
of Ap and phosphorylated tau have been distinctly demonstrated as
possible triggers for mitochondrial dysfunction and impaired mitoph-
agy, the autophagy of mitochondria, which generally activates as a
response to mitochondrial damage or dysfunction in order to protect the
rest of the cell from damage (Manczak et al., 2018; Kandimalla et al.,
2018; Reddy et al., 2018; Fang et al., 2019). Impaired mitochondrial
quality control causes accumulation of dysfunctional mitochondria and
may result in intracellular calcium imbalance, increased oxidative
damage, and accelerated AP and tau pathologies, causing synaptic
dysfunction and neuronal death, consequently impairing cognitive
functions (Chakravorty et al., 2019). Thus, strategies promoting mito-
chondrial integrity and their quality control mechanisms could possibly
counteract neurodegeneration and cognitive impairment due to AD.

Growing evidence suggests that the positive effects of exercise on
cognition may be at least partly mediated by enhanced mitochondrial
function. For instance, a recent study found that gene expression pat-
terns associated with late-life PA levels opposed those associated with
aging and AD in mitochondrial energy production and synaptic function
(Berchtold et al., 2019), hence suggesting that PA may counteract the
effects of aging and AD on hippocampal mitochondrial and synaptic
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functions. Supporting this view, recent studies in AD mice have reported
exercise-induced upregulation of hippocampal markers of mitochon-
drial biogenesis, dynamics, and mitophagy, suggesting enhanced mito-
chondrial quality control (Yan et al., 2019; Li et al., 2019; Zhao et al.,
2020b; Kim et al., 2019). Further, improved hippocampal mitochondrial
respiratory function and attenuated reactive oxygen species generation
and oxidative damage were also found (Li et al., 2019), and all these
studies reported accompanying improved cognitive performance (Yan
et al., 2019; Li et al., 2019; Zhao et al., 2020b; Kim et al., 2019).

Overall, cerebral glucose metabolism is impaired in AD. Specifically
the frontal and temporal regions in AD-subjects’ brains show impaired
neuronal uptake and utilization of glucose (An et al., 2018; Croteau
et al., 2018), which may reflect not only mitochondrial dysfunction
(Swerdlow, 2018), but also reduced cerebral blood flow (Kisler et al.,
2017), impaired insulin signalling (Steen et al., 2005), and reduced
glycolytic enzymes (An et al., 2018). Exercise training is well-known to
improve blood glucose control and peripheral insulin sensitivity in
humans (Lin et al., 2015), and recent studies in high-fat diet fed rodents
also suggest exercise training to ameliorate impaired cerebral insulin
signalling, with concomitant effects on neuronal plasticity and cognitive
function (Park et al., 2019a; Wang et al., 2019b). In addition, exercise
training may counteract the reduced cerebral glucose uptake in AD by
increasing the expression of insulin-independent glucose transporter
proteins that allow glucose uptake in neurons and glial cells (Pang et al.,
2019).

In summary, exercise provides clear benefits for the vascular and
cellular systems that sustain adequate brain function. While the neuro-
protective effects of exercise have been observed in humans, more
detailed knowledge on the neuroprotective mechanisms has relied on
preclinical animal models. Exercise training increases the production of
neurotrophic factors (discussed in further detail in the next section) that
facilitate neurotransmission in the hippocampus and cortical areas. It
also has the capacity to delay the age-related decline in neurogenesis.
Increased physical activity also benefits brain vasculature, sustaining
the integrity of the blood-brain barrier and increasing proteolytic
degradation of Af species. Overall, the neuroprotective effects of exer-
cise converge to sustain brain health into old age. In our perspective,
understanding the mechanisms underlying such neuroprotective bene-
fits is crucial, since they seem to be the key to answering the question of
whether exercise can teach us how to treat mental disorders and AD.
Therapeutic activation of mechanisms leading to improved brain plas-
ticity, and reduced inflammation and neurotoxicity holds an incredible
potential to revolutionize AD treatment, and exercise serves as a plat-
form for discovering effective molecular mediators. In this context, the
next section dives deeper into these mechanisms, discussing promising
biomolecules whose production and/or availability are stimulated by
exercise, delivering significant benefits to brain health.

4. Molecular regulators and mediators of exercise effects

The repeated energetic challenge brought by exercise training in-
duces cellular adaptations in several tissues that improve cellular
metabolic capacity. These adaptations are largely mediated by the
activation of 5’ adenosine monophosphate-activated protein kinase
(AMPK), the major regulator of cellular energy homeostasis, and its
downstream effectors that can alter the expression of genes related to
energy metabolism (Canto et al., 2009). AMPK generally activates in
response to increased energy consumption, or the increased intracellular
AMP/ATP-ratio, to promote ATP generating pathways and inhibit ATP
consuming pathways (Canto et al., 2009). These effects can be achieved
through direct phosphorylation of various targets and indirect modu-
lation of gene expression through transcriptional regulators such as
NAD+ dependent type III deacetylase sirtuin 1 (SIRT1) (Canto et al.,
2009).

One downstream effector of AMPK and SIRT1 is the transcriptional
coactivator peroxisome proliferator-activated receptor gamma
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coactivator 1-a (PGC-1a), which acts as a key regulator of mitochondrial
biogenesis and respiratory function within various tissues, including
brain and skeletal muscle (Steiner et al., 2011). In the hippocampus, the
effects of PGC-1a include modulation of synaptogenesis (Cheng et al.,
2012), and, via mitochondrial SIRT3, protection of neurons from
oxidative stress and damage (Cheng et al., 2016). Reduced hippocampal
expression of PGC-1a is evident in the brains of AD patients and may
contribute to the impaired mitochondrial functions and synaptic and
neuronal loss in AD (Sheng et al., 2012). It is therefore notable that
enhanced PGC-la expression from exercise training may counteract
these defects (Zhao et al., 2020a). Interestingly, PGC-1a not only me-
diates the adaptations of skeletal muscle to exercise training involving
increased mitochondrial number and oxidative capacity that can
improve maximal oxygen uptake (Calvo et al., 2008), but, it also regu-
lates the expression of several skeletal muscle-derived circulating mol-
ecules with neurotrophic effects in the brain (Agudelo et al., 2014;
Wrann et al., 2013).

Overall, exercise induces secretion of several biomolecules from
various tissues and organs into the circulation that may partly mediate
the beneficial effects of exercise on the brain to provide protection
against cognitive impairment and AD (Tari et al., 2019). Indeed, healthy
brains show considerable uptake of plasma proteins (Yang et al., 2020),
and several blood-borne proteins and metabolites that are upregulated
by exercise have been suggested able to enter the brain and exert effects
on hippocampal plasticity and AD pathology. Below we summarize
these factors that have been suggested to mediate the effects of exercise
on the brain more in detail.

4.1. BDNF

Brain-derived neurotrophic factor (BDNF) is a neurotrophin impor-
tant in brain development, function, and plasticity, and it seems to play a
key role in mediating the effects of exercise on cognition (Nilsson et al.,
2020; Vaynman et al., 2004). Exercise promotes BDNF expression
directly in the brain (Ding et al., 2011), where cerebrovascular endo-
thelial cells seem to be a major source of BDNF alongside neurons
(Monnier et al., 2017), but it can also induce its secretion from skeletal
muscle (Fulgenzi et al., 2020), potentially through the activation of
PGC-1a (Peng et al., 2017). To what extent the muscle-derived BDNF
may contribute to brain levels is unclear. Nevertheless, BDNF signalling
in the hippocampus is dependent on the activation of a tropomyosin
kinase B (TrkB) receptor, which in turn triggers several intracellular
signalling pathways (Ding et al., 2011), that can ultimately promote
neurogenesis and synaptic plasticity, and hence mediate the
exercise-related improvements in cognitive performance (Choi et al.,
2018; Farmer et al., 2004; Vaynman et al., 2004).

Exercise-induced upregulation of BDNF may also contribute to sug-
gested beneficial effects of exercise on AD pathology. BDNF was found to
increase the non-amyloidogenic processing of amyloid precursor protein
and hence reduce the levels of AP peptides produced in vitro (Nigam
et al., 2017). In contrast, deficient BDNF expression and signalling in
vivo enhances pro-inflammatory mediators, while also leading to more
amyloidogenic processing of amyloid precursor protein and aberrant
processing of tau, resulting in exacerbated Af production and neuro-
degeneration, ultimately manifesting as impaired cognition (Wang
et al., 2019c Xiang et al., 2019). Accordingly, post-mortem examination
studies of human brains indicate lower BDNF levels in the hippocampus
and temporal and parietal cortices of AD patients when compared with
those in healthy individuals (Du et al., 2018a). Furthermore, CSF and
blood levels of BDNF may also be significantly lower in AD patients
compared with cognitively unimpaired controls, at least in the later
stages of the disease (Du et al., 2018a Ng et al., 2019). It is therefore
noteworthy that aerobic exercise seems to acutely upregulate peripheral
BDNF expression not only in healthy adults regardless of age (Dinoff
et al., 2017), but also in mild cognitive impairment and AD patients
(Coelho et al., 2014; Devenney et al.,, 2019). A recent study also
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demonstrated the functional relevance of the exercise-induced upregu-
lation of BDNF in humans by showing that the acute changes in plasma
BDNF may mediate the outcome of following cognitive training in
healthy older adults (Nilsson et al., 2020). Still, it is important to note
that the ability of BDNF to cross the blood-brain barrier seems limited
(Nagahara and Tuszynski, 2011), and any potential beneficial effects of
peripheral BDNF on the brain and cognitive functions may be indirect.
For example, BDNF released from skeletal muscle may also regulate
insulin secretion in the pancreas and hence be an important regulator of
exercise-induced changes in glucose metabolism (Fulgenzi et al., 2020).

The effects of chronic exercise training on blood BDNF levels in
humans are equivocal; increase, no change, or decrease have all been
reported (Dinoff et al., 2016; Marinus et al., 2019). In addition, while
some cross-sectional studies have found peripheral BDNF levels posi-
tively associated with human hippocampal volume and performance in
memory tests (Erickson et al., 2010; Mizoguchi et al., 2020), others re-
ported BDNF levels not associated with cognitive performance (Driscoll
etal., 2012). In a recent study in late middle-aged adults at risk for AD, a
26-week aerobic exercise intervention resulted in decreased plasma
BDNF levels and no association with cognition (Gaitan et al., 2021). In
this study, a metabolomic analysis revealed that multiple metabolites
(~30%) correlated with changes in BDNF. In particular, lipid metabo-
lites (ceramides, sphingo-, and phospholipids) that have been found to
be elevated in blood in AD patients (Trushina and Mielke, 2014), were
reduced by the exercise intervention and associated closely with plasma
BDNF levels (Gaitan et al., 2021). These results suggest that the chronic
effects of exercise on peripheral BDNF levels may be regulated by
metabolic changes and the level of BDNF in blood may not be directly
linked to cognitive performance. Overall, evidence suggests BDNF to be
an important mediator of exercise effects on cognitive functions, but the
effects may be predominantly dependent on increased BDNF level in the
hippocampus that might not be directly associated with the acute in-
creases in peripheral BDNF with exercise.

4.2. FENDC5/Irisin

Exercise-induced formation and release of the polypeptide irisin
from skeletal muscle into the circulation may also serve as an important
mediator of brain function (Wrann et al., 2013; Bostrom et al., 2012).
Regulated by PGC-1a, irisin is cleaved from its transmembrane precursor
protein fibronectin type III domain-containing protein 5 (FNDC5) before
its release into the blood (Bostrom et al., 2012), which may eventually
promote hippocampal BDNF expression (Choi et al., 2018; Wrann et al.,
2013). Aerobic exercise training increases plasma levels of irisin both in
mice and in humans (Bostrom et al.,, 2012), and although exercise
training may also upregulate the PGC-1a/FNDC5/BDNF-pathway
directly in the hippocampus (Wrann et al., 2013), circulating irisin can
also cross the blood-brain barrier to elevate cerebral irisin levels (Islam
etal., 2021). Suggesting namely the increase in hippocampal irisin levels
to play an essential role in mediating exercise effects on cognitive
function, hippocampal infusion of irisin was found to improve cognitive
function in FNDC5 knockout mice which otherwise showed impaired
cognitive function and no cognitive effects of exercise (Islam et al.,
2021).

Of note, cerebral FNDC5/irisin expression is reduced both in AD
mouse models and in AD patients (Islam et al., 2021; Lourenco et al.,
2019), and elevating plasma levels of irisin was recently shown to
improve cognitive function in mouse models of AD (Islam et al., 2021).
Blocking either peripheral or cerebral FNDC5/irisin also impeded
beneficial effects of exercise in AD mice (Lourenco et al., 2019), further
demonstrating a key role of FNDC5/irisin mediating synaptic plasticity
and memory. Interestingly, in vitro studies have also suggested FNDC5
may interact with amyloid precursor protein to alter its processing and
reduce AP formation (Noda et al., 2018) and that irisin may prevent
Ap-oligomers from binding to neurons (Lourenco et al., 2019).
Furthermore, in AD mouse models, FNDC5/irisin overexpression
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reduced soluble, but not insoluble, AB42 in the hippocampus (Lourenco
et al., 2019), and FNDCS5 knockout resulted in higher levels of soluble
Ap40 in the cortex (Islam et al., 2021). It is worth noting that it is still not
known whether, or to what extent, these effects observed in vivo are
directly mediated by irisin or FNDC5. Reduced size of astrocytes and
microglia and downregulation of glia-specific genes in AD mice with
peripheral overexpression of irisin suggests irisin might also modulate
neuroinflammation (Islam et al., 2021). Importantly, CSF levels of irisin
were found to positively correlate with the CSF levels of BDNF and Ap42,
as well as MMSE scores both in cognitively unimpaired humans and AD
patients, suggesting irisin is associated with reduced amyloid pathology
and improved cognitive functions in humans too (Lourenco et al., 2020).

4.3. IGF-1 & VEGF

The closely related processes of angiogenesis and neurogenesis are
commonly regulated by insulin-like growth factor-1 (IGF-1) and
vascular endothelial growth factor (VEGF) (Morland et al., 2017; Fabel
et al., 2003; Rich et al., 2017; Jin et al., 2002). Both IGF-1 and VEGF
contribute to the growth of new vessels in the brain, where IGF-1
upregulates VEGF expression (Lopez-Lopez et al., 2004). VEGF is also
produced in skeletal muscle under the regulation of PGC-1a (Bostrom
et al., 2012), and has been demonstrated to regulate hippocampal ce-
rebral blood flow and be essential for exercise-induced neurogenesis
(Fabel et al., 2003; Rich et al., 2017). Similarly, inhibiting peripheral
IGF-1 entry into the brain was shown to abolish the effects of exercise on
hippocampal neurogenesis (Trejo et al., 2001), and blocking the hip-
pocampal IGF-1 receptor diminished exercise-induced improvements in
memory (Ding et al., 2006). IGF-1 may exert its effects on hippocampal
plasticity partly through activation of BDNF signalling, since intra-
carotid administration of IGF-1 increased BDNF expression (Carro et al.,
2000), while inhibition of hippocampal IGF-1 signalling reduced it (Ding
et al., 2006).

4.4. Cathepsin B

Exercise also increases plasma levels of cathepsin B, a protein
expressed in skeletal muscle under the regulation by PGC-la (Moon
etal., 2016). Cathepsin B can cross the blood-brain barrier, but its effects
on the brain may also be more direct, as exercise also increased
cathepsin B gene expression directly in the hippocampus (Moon et al.,
2016). Nevertheless, plasma levels of cathepsin B were found to increase
in healthy young humans following four months of exercise training,
and to positively correlate with changes in fitness and memory (Moon
et al., 2016). A recent study in older adults at risk for AD due to family
history and genetic factors similarly found cathepsin B levels in plasma
to be increased following a 26-week aerobic exercise intervention and
the changes in cathepsin B positively associated with changes in
cognitive function (Gaitan et al., 2021). It has been shown in vitro that
AMPK activation triggers cathepsin B secretion and administration of
cathepsin B in hippocampal progenitor cells promotes BDNF expression
(Moon et al., 2016). Ablation of cathepsin B expression in mice, in turn,
impedes the effects of exercise on neurogenesis and cognitive function
(Moon et al., 2016). It is therefore notable that, seemingly in line with
reduced BDNF expression in AD brains, cathepsin B levels were recently
found to be reduced in the brains of AD patients and transgenic AD
mouse models when compared to the brains of healthy age-matched
humans and wild-type mice (Long et al., 2020). Interestingly, whereas
cathepsin B levels in peripheral blood mononuclear cells have also been
reported lower in humans with severe-stage AD when compared with
healthy controls, the opposite was reported for plasma levels (Morena
et al., 2017). Together these findings suggest cathepsin B as another
important factor that mediates the effects of exercise on the brain and
whose expression seems to be dysregulated in AD.
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4.5. Kynurenine/Kynurenic acid

Tryptophan is an essential amino acid that acts as a precursor for the
neurotransmitter serotonin. However, the major catabolic pathway of
tryptophan is the kynurenine pathway, where tryptophan is first con-
verted to kynurenine. Kynurenine can then be converted to either
kynurenic acid or to 3-hydroxykynurenine, which is followed by several
downstream metabolites before the preferred end-product energy
cofactor NAD+ that acts as an important cofactor in energy metabolism
(Savitz, 2020). While kynurenic acid is thought to be neuroprotective,
3-hydroxykynurenine, both alone and through its downstream metab-
olite quinolinic acid, is associated with neurotoxic functions in the brain
(Savitz, 2020). Altered expression or activity of the enzymes regulating
the kynurenine pathway, and the subsequent changes in the levels of the
intermediate metabolites, are thought to be implicated in various mental
disorders and neurodegenerative diseases (Savitz, 2020). Systemic
inflammation is thought to promote peripheral production of kynur-
enine and its transportation into the brain, where the accumulation of
kynurenine may eventually have implications to neuroinflammation
and degeneration (Agudelo et al., 2014; Savitz, 2020). Further linking
enhanced peripheral tryptophan catabolism through the kynurenine
pathway to AD pathology, the plasma ratio of kynurenine to tryptophan
positively correlated with plasma biomarkers of neurodegeneration and
brain A load in older adults presenting preclinical AD (Chatterjee et al.,
2019), and CSF ratio of 3-hydroxykynurenine to kynurenine correlated
with tau biomarkers in clinical AD (Jacobs et al., 2019). In addition,
plasma kynurenine, quinolinic acid, and kynurenine to tryptophan ratio
are all increased in individuals with Down syndrome (Powers et al.,
2019), who are highly susceptible to early AD pathology build-up
(Snyder et al., 2020). Alterations in tryptophan catabolism may hence
be involved in AD pathogenesis and provide a potential therapeutic
target.

Exercise training may provide neuroprotection by reducing the
accumulation of kynurenine in the brain (Agudelo et al., 2014). This is
based on the promoted expression of kynurenine aminotransferases in
peripheral immune cells and skeletal muscle in humans following acute
or chronic endurance exercise (Joisten et al., 2020; Schlittler et al.,
2016). Kynurenine aminotransferases catalyse the irreversible conver-
sion of kynurenine to kynurenic acid, and their peripheral activity may
hence reduce the kynurenine available for transport into the brain
(Agudelo et al., 2014). Interestingly, the expression of kynurenine
aminotransferases in skeletal muscle is regulated by the activation of
PGC-1a (Agudelo et al., 2014), and the function of these enzymes was
also found to mediate skeletal muscle oxidative capacity and exercise
performance in mice (Agudelo et al., 2019). In addition, the increased
levels of kynurenic acid in blood following exercise (Schlittler et al.,
2016) enhances adipose tissue energy metabolism and insulin sensi-
tivity, by activating GPR35 (G protein-coupled receptor 35), a cell
membrane receptor that initiates intracellular signalling cascades in
adipocytes ultimately leading to increased lipid metabolism (Agudelo
et al., 2018).

4.6. Gpld-1

A recent study in mice suggests a liver-derived enzyme
glycosylphosphatidylinositol-specific phospholipase D1 (Gpld-1) to play
a significant role mediating the exercise effects on the brain (Horowitz
et al., 2020). Plasma levels of Gpld-1 were found positively correlated
with cognitive functions in mice and both exercise-trained mice and
physically active older adults had higher plasma Gpld-1 levels compared
to the respective sedentary groups (Horowitz et al., 2020). Furthermore,
merely inducing Gpld-1 overexpression in the liver was found sufficient
to enhance hippocampal BDNF expression, promote neurogenesis and
enhance cognitive function in sedentary mice (Horowitz et al., 2020).
However, as Gpld-1 was not found to enter the brain, it likely conveys its
effects via other factors able to cross the blood-brain barrier (Horowitz
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et al., 2020).
4.7. Ketone bodies

Exercise results in increased energy consumption and altered meta-
bolism. Prolonged exercise depletes the body’s glycogen stores and as
the blood glucose levels become low, fatty acid-derived ketones pro-
duced by the liver become a major source of energy, also in the brain.
Accordingly, exercise increases the expression of monocarboxylate
transporters that mediate the uptake of ketone bodies (and lactate) in
the brain (Takimoto and Hamada, 2014). Interestingly, while cerebral
glucose uptake is impaired in mild cognitive impairment and AD, ketone
uptake is not (Croteau et al., 2018), and similar to exercise, ketogenic
therapies show potential of improving cognitive functions in mild
cognitive impairment and AD patients (Grammatikopoulou et al., 2020).
This may not only be due to enhanced brain energy metabolism, but also
other neurotrophic support. Exercise-induced increases in hippocampal
levels of the ketone body p-hydroxybutyrate (BHB) may also serve as a
means that upregulates BDNF expression (Sleiman et al., 2016). BHB
was found to enhance BDNF expression and synaptic function inde-
pendent of PGC-la and FNDC5, further experiments suggesting an
epigenetic regulation mechanism (Sleiman et al., 2016). Therefore, the
intermittent reductions in glucose availability and increases in ketone
production in the liver and uptake in the brain may be one means by
which exercise training stimulates brain plasticity and improves cogni-
tive function.

4.8. Lactate

Lactate is an important energy substrate and signalling molecule in
the brain, where it is mainly produced by glial cells (Magistretti and
Allaman, 2018). The lactate-mediated interplay between astrocytes and
neurons, where lactate produced by astrocytes is taken up and used by
neurons, is thought to be essential for synaptic plasticity and memory
modulation (Magistretti and Allaman, 2018). In addition to the endog-
enous lactate, the brain can also utilize the systemic lactate that is
produced by the skeletal muscle under intense exercise.

Like ketone bodies, the muscle-derived lactate can cross the blood-
brain barrier via monocarboxylate transporters whose expression in-
creases with exercise (Hu et al., 2021; Park et al., 2021). The increase in
lactate with high-intensity exercise has been suggested to enhance
hippocampal mitochondrial biogenesis and function (Hu et al., 2021;
Park et al., 2021) and to promote cerebral VEGF levels and BDNF sig-
nalling in mice, with concomitant increases in hippocampal angiogen-
esis and neurogenesis (Morland et al., 2017; El Hayek et al., 2019).
Specifically, increases in cerebral VEGF levels and angiogenesis were
found to occur via activation of lactate receptor hydroxycarboxylic acid
receptor 1 in endothelial cells as a response to increased blood lactate
levels from high-intensity interval training (Morland et al., 2017). BDNF
expression, in turn, was found to be promoted by increased blood lactate
levels via the PGC-1a/FNDC5/BDNF-pathway in a SIRT1-dependent
manner (El Hayek et al., 2019). In support of these findings, another
recent study found daily intraperitoneal administration of lactate to
promote hippocampal neurogenesis in mice, and inhibition of its
transport into neurons to abolish this effect (Lev-Vachnish et al., 2019).
In contrast, another recent study found that disrupted clearance of
lactate into the blood and subsequent accumulation of lactate impaired
hippocampal neurogenesis and cognitive function (Wang et al., 2019a),
suggesting that fine regulation of lactate homeostasis is critical for
neurogenesis and cognition.

Some studies further imply a similar central mediating effect of
lactate in humans. A recent study in young male subjects found that
increased blood lactate levels measured after a single sprint-interval
exercise correlated with serum BDNF, IGF-1, and VEGF concentra-
tions, and the BDNF concentrations also correlated with post-exercise
executive function test performance (Kujach et al., 2019). Also,
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infusion of lactate intravenously at a resting state in humans has been
shown to increase blood BDNF levels (Schiffer et al., 2011). However,
whether an increase in blood lactate also upregulates the levels of these
factors and the related signalling pathways associated with angiogenesis
and neurogenesis in the human brain remains largely unknown. Still,
these findings may together indicate that the intensity of exercise, and
the consequent change in blood lactate level, may be an important factor
determining the effects of exercise on the brain. Therefore, it may be that
at least some of the variation in the results of interventional studies
investigating the effects of exercise on cognition could be due to dif-
ferences in exercise intensity, which could change the level of lactate in
the blood in turn.

In summary, exercise increases the expression of several bio-
molecules in the brain, skeletal muscle, and liver that have been linked
to enhanced hippocampal plasticity and cognitive functions. Specif-
ically, the exercise-induced increases in the expression of BDNF, IGF-1,
and VEGF directly in the brain, as well as the increases in circulating
skeletal muscle-derived biomolecules irisin and cathepsin B seem to be
supportive to cognitive functions through varying effects on neuro-
genesis, angiogenesis and/or synaptic plasticity. Exercise-induced in-
creases in the liver-derived enzyme Gpldl and the metabolites
B-hydroxybutyrate and lactate are other potential mediators of the
beneficial effects of exercise on the brain. Furthermore, reduced avail-
ability of kynurenine in the blood may be one means through which
exercise protects the brain from neurodegeneration (see Fig. 2 for a
summary of the effects).

Although the molecules discussed here hold potential for future
therapeutic applications, the knowledge on mechanisms responsible for
the beneficial effects of exercise in the brain barely scratches the surface.
It would be naive to suppose that all benefits promoted by exercise could
be explained by so few molecular mediators. Important questions
remain about new targets and other sources of molecular mediators such
as gut microbiota. Mimicking and/or increasing the positive effects of
exercise on the brain through manipulation of new drug targets would
be a major step towards enhancing mental health. In our view, future
studies should focus on unbiased, high throughput technologies
(“omics” screenings) for dissecting novel molecules related to the effects
of exercise in the brain, in addition to exhaustive validations through
manipulation of those molecules using in vivo models of AD. Estab-
lishment of a large consortium might be required to take on such a huge
undertaking, and we would strongly support and participate in initia-
tives in this direction.

5. Mimicking exercise for AD therapeutics

Although current knowledge suggests exercise as a promising means
to improve or maintain cognition and reduce the risk of AD, the char-
acteristic declined expression of some key factors linked to brain plas-
ticity, such as irisin, may attenuate the effects of exercise in AD patients.
In addition, structural and functional changes in the blood-brain barrier,
such as loss of pericytes and altered endothelial function and protein
transport mechanisms, together with associated reduced total uptake of
circulating proteins (Yang et al., 2020; Chen et al., 2020) may also play a
role here. It is also important to note that the increasing physical dete-
rioration and functional disability with aging and progressing AD or
comorbidities may severely hinder the ability to exercise. Thus, even if
exercise might confer some therapeutic effects (e.g., slower disease
progression) in AD patients, its limited feasibility highlights the need for
alternative therapeutic approaches. Pharmacologically mimicking the
systemic effects of exercise could be one means.

Stimulation of neurotrophic factors and hippocampal neurogenesis
may be an essential combination mediating the effect of exercise on
cognitive functions. Adding newborn neurons was found sufficient to
improve cognitive function in AD mice only when combined with
additional stimuli from either direct exercise or elevated BDNF (Choi
et al.,, 2018). Where merely stimulating hippocampal neurogenesis
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Fig. 2. A summary of molecular regulators and mediators underlying the benefits of exercise on the brain. Physical activity stimulates the synthesis of multiple
biomolecules in skeletal muscles, liver, and platelets. BDNF, Irisin, Cathepsin B, VEGF, IGF-1, Lactate, and BHB are also able to cross the blood-brain barrier (BBB)
and, consequently, display increased abundance in the brain of exercised vs. non-exercised animals. Conversely, physical activity boosts Kynurenine (which is
maleficent to brain function) conversion to Kynurenic acid, thereby reducing Kynurenine plasma concentrations and its negative actions in the brain. Some of the
molecules modulated by exercise are also found in abnormal abundance in blood, brain, or cerebrospinal fluid (CSF) of AD patients when compared to individuals
without neurological complications. Moreover, these molecules have been implicated in cellular processes that are crucial for optimal brain function, such as
neurogenesis, angiogenesis, and synaptic plasticity. (a) Many of these molecules (BDNF, Irisin, Cathepsin B, VEGF, IGF-1, Gpld-1, Kynurenic acid, Lactate, and BHB)
were shown to be released by source organs into the systemic circulation and were found in increased concentrations in blood after physical activity. (b) Each
molecule is presented with a different color in the image, illustrating their potential effect in the brain, peripheral source, and relative concentration after physical
activity and in AD (arrows). (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

through the administration of compounds that enhance proliferation
and survival of neural progenitor cells was found to have very limited
effects on cognitive function in AD mice, combining this treatment with
the administration of AMPK agonist 5-aminoimidazole-4-carboxamide
ribonucleotide to pharmacologically increase BDNF expression (Guer-
rieri and van Praag, 2015) successfully mimicked the beneficial effects
of exercise on cognitive performance observed in this mouse model
(Choi et al., 2018). Still, in contrast to exercising, this combination did
not ameliorate AP pathology, suggesting other exercise-induced factors
or mechanisms involved in reduced AP burden (Choi et al.,, 2018).
Moreover, prolonged administration of this compound may result in
detrimental effects such as an upregulation of neuroinflammation
(Guerrieri and van Praag, 2015). Similar procedures may not be directly
translatable to human subjects, but overall, combined stimulation of
neurogenesis and systemic neurotrophic support may be able to improve
cognitive functions.

Considering the central role of the PGC-1a transcription coactivator
mediating not only the metabolic adaptations to exercise but also the
expression of neurotrophic factors associated with hippocampal plas-
ticity, it seems a potential target for exercise-mimicking therapeutics.
Chronic overexpression of skeletal muscle-specific PGC-1a has been
shown sufficient to significantly improve endurance exercise perfor-
mance and VO, peak in mice (Calvo et al., 2008). However, it was found
insufficient to prevent the decline in hippocampal neurogenesis with
aging, regardless of enhanced skeletal muscle gene expression of VEGF,
FNDCS5, and cathepsin B (Karlsson et al., 2019). It was similarly not
sufficient to stimulate hippocampal neurogenesis in young or
middle-aged passive mice, or to show additive effect on neurogenesis in
running mice (Karlsson et al., 2020). Together these studies suggest that
skeletal muscle PGC-1a may not present a viable target for chronically
promoting hippocampal plasticity even though it could promote the
expression of some systemic factors associated with such effects. Still, an
open question is whether a more intermittent activation of the skeletal
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muscle PGC-1a could have beneficial effects on the brain.

Additional evidence suggests that skeletal muscle might altogether
not be a sufficient target for promoting hippocampal neurogenesis or
cognitive function. A recent study in mice demonstrated that although
systematic electrical stimulation of hind limb muscles of mice under
anaesthesia was sufficient to increase blood lactate levels and promote
hippocampal generation of astrocytes, it did not promote neurogenesis
or produce any cognitive changes (Gardner et al., 2020). Overall, these
findings may suggest that although the contracting skeletal muscle
secrete several factors with potential beneficial effects in the brain, these
muscle-derived factors alone may not be enough to induce neurogenesis
or changes in cognitive function, but an interplay with (secreted factors
from) other tissues may be required for such effects.

However, it is also possible that the lack of promoted hippocampal
neurogenesis following chronic overexpression of skeletal muscle-
specific PGC-1a could be due to the skeletal muscle-derived factors
not reaching the brain at a sufficient quantity, as the cerebral levels of
these factors were not investigated (Karlsson et al., 2019). Also, the ef-
fects of PGC-1a overexpression or electrical skeletal muscle stimulation
in the context of AD could differ from those in normal aging. For
example, delivery of the human PGC-1a gene directly in the brain using
a viral vector was found to increase hippocampal BDNF, reduce Af
accumulation, neuroinflammation, and neuronal loss, as well as to
improve memory in a mouse model of AD, while not having any effect on
the neuronal count or memory function in wild-type mice (Katsouri
et al., 2016). Similarly, whereas enhancing the brain FNDC5 expression
via intracerebroventricular infection with FNDC5-overexpressing
adenovirus was found to ameliorate synaptic function and memory
impairment in AD mice, it did not improve synaptic function or cogni-
tive function in wild-type mice (Lourenco et al., 2019). Despite these
promising results, such invasive strategies are not directly translatable
to humans and, on the other hand, taking into account the body-wide
effects of exercise, more systemic approaches might best mimic
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exercise and confer the greatest benefit in human patients.

5.1. “Exercised” plasma administration

Studies in mice have demonstrated that blood transfer-induced
changes in the systemic environment can alter brain function (Villeda
etal., 2014; Katsimpardi et al., 2014; Xia et al., 2019a, Middeldorp et al.,
2016; Zhao et al., 2020b). Exposure of old animals to a young systemic
environment has been shown to enhance hippocampal synaptic plas-
ticity, angiogenesis, and neurogenesis, resulting in improved cognitive
functions (Villeda et al., 2014, 2011; Katsimpardi et al., 2014). Four
studies have subsequently investigated the effects of young blood
administration in animal models of AD, with findings of improved
learning and memory (Xia et al., 2019a; Middeldorp et al., 2016; Zhao
et al., 2020), or no significant effects on cognitive functions (Kim et al.,
2020). While one of these studies found no effect of young blood
treatment on amyloid pathology (Middeldorp et al., 2016), two others
did (Xia et al., 2019a; Zhao et al., 2020b), one also reporting evidence of
reduced tau pathology (Zhao et al., 2020b). Interestingly, only two of
these studies explored the effect of young plasma treatment on hippo-
campal neurogenesis and neither of them found effect (Zhao et al,,
2020b; Kim et al., 2020), although one found better spatial learning and
memory in the plasma-treated mice compared to control mice (Zhao
et al., 2020b). This discrepancy could be attributed to different effect of
treatment on tau pathology as only in the study where plasma treatment
was found beneficial for spatial learning and memory, it was also found
to reduce the level of tau pathology (Zhao et al., 2020b). In addition,
although the AD model used in these two studies was the same triple
transgenic mouse model, the overall setting and methods used were
different. Of note is that the donor mice were one to two months younger
(2-3 months old) and the recipient mice four to five months older
(16-17 months old) in the study that reported beneficial effects on
cognitive function and tau pathology compared to the study reporting
no effect on either. The greater age difference and hence greater dif-
ference in the degree of AD pathology and the systemic environment
might therefore be another potential reason for the different results.

Considering the remarkable capacity of exercise as a trigger for the
release of systemic factors with various beneficial effects in the brain, it
might not be surprising that administration of blood plasma from
exercised donors was recently found beneficial to aged mice (Horowitz
et al.,, 2020). Injecting blood plasma from either exercised adult or
exercised aged mice to sedentary aged mice conferred similar beneficial
effects on the brain as the complete exercise intervention, including
promoted neurogenesis and enhanced cognitive functions (Horowitz
et al., 2020). These results provide further evidence for systemically
mediated neuroprotective effects of exercise and suggest that exoge-
nously administrated “exercised” plasma can convey the broad benefi-
cial effects of exercise on the aged brain. Whether exercised plasma
administration could similarly exert therapeutic effects in the AD brain
therefore seems an intriguing study topic that could lead towards novel
therapeutic strategies.

Only one study investigating the effects of plasma administration
from, not only young, but exercise-trained young donors in an animal
model of AD has been published so far. In this recent study (Kim et al.,
2020), the effects of plasma administration were explored in a triple
transgenic AD model, which expresses both Ap and some tau pathology.
Specifically, plasma administered into 12-month-old AD mice was
collected from two groups of young 4-month-old wild-type mice: those
that were exercised on a treadmill 5 times a week for 12 weeks preceding
plasma collection, and those who were not. As expected, untreated
12-month-old AD mice showed significantly impaired learning and
memory, reduced levels of BDNF and other markers of synaptic plas-
ticity, reduced neurogenesis, and increased markers of mitochondrial
dysfunction and cell death compared to wild-type mice (Kim et al.,
2020). Plasma from exercised, young mice was found to ameliorate
spatial learning and memory and long-term memory in the
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12-month-old AD mice (Kim et al., 2020). These behavioural improve-
ments were accompanied by significantly increased hippocampal cell
proliferation and neurogenesis, increased expression of BDNF and syn-
aptic proteins, improved mitochondrial function, and reduced markers
of cell death (Kim et al., 2020). However, plasma administration was not
found to affect the hippocampal expression of tau or its phosphorylation
(Kim et al., 2020).

Remarkably, administration of plasma from non-exercised young
mice did also increase hippocampal BDNF expression, but significantly
less than treatment with exercised plasma, and it did not produce sta-
tistically significant effects on any other measured variables, including
neurogenesis and performance in behavioural tests (Kim et al., 2020).
The significantly greater BDNF levels in the plasma from exercised
donor mice compared to the plasma from non-exercised donor mice may
at least partially explain the differential outcomes in the two treated
groups (Kim et al., 2020). Indeed, while hippocampal BDNF expression
was significantly greater in both plasma-treated groups compared with
the control AD mice, the mice treated with exercised plasma showed
significantly greater BDNF expression compared to the mice treated with
non-exercised plasma (Kim et al., 2020). Still, it is important to note that
the ability of peripheral BDNF to reach the brain is limited (Nagahara
and Tuszynski, 2011), and as reviewed above, other exercise-induced
circulating factors have also been linked to enhanced hippocampal
BDNF expression and neurogenesis. Overall, these results again imply
that exercise-induced circulating factors are indeed capable of promot-
ing neuronal proliferation and integrity and improving cognitive func-
tions even in a neurodegenerative AD-like context, and may significantly
enhance the potency of beneficial effects from young plasma treatment
in AD. The mechanisms through which exercise or exercised plasma
convey their beneficial effects still need more investigation.

No human studies have investigated plasma transfer from exercised
donors to AD patients yet, but a small RCT testing the safety and feasi-
bility of young plasma administration in AD patients has been per-
formed, concluding this therapeutic strategy as safe and well tolerated
(Sha et al., 2019), and hence paving the way for future studies to
investigate the therapeutic potential of “exercised” plasma in AD. One
trial is set to be started this year by our group (EudraCT
#2018-000148-24) and it may provide important knowledge on the
effectiveness of this form of treatment strategy in humans.

6. Conclusion

In addition to their well-studied significant effects on lowering the
risks of cardiovascular disease and mortality, there is growing evidence
that higher levels of PA and CRF are inversely associated with cognitive
decline and risk of AD, suggesting exercise training to promote healthy
aging. Exercise may confer neuroprotective effects on the brain through
promoted plasticity and reduced pathology, and exercise interventions
preceding clinical manifestation of AD may provide the best benefit. It is
probable that if the neurodegeneration has progressed beyond a certain
point, exercise may not be able to alleviate the symptoms or reverse the
course. Contradictory findings from studies in AD patients may reflect
this, but it is also possible that due to the characteristics of dementia, it
may not be possible for all patients to perform exercise of adequate
volume to gain the exercise benefit.

CRF may be a key target for improving brain health both in healthy
individuals and those with AD. Depending on the limiting factors,
improved CRF may reflect improved function of any of the contributing
systems, i.e., the cardiovascular, respiratory, and skeletal muscle func-
tion. While considerable evidence from observational studies in humans
suggests cardiovascular health important for brain health, studies
mainly conducted in rodents have also found several potential exercise-
induced neuroprotective factors associated with skeletal muscle oxida-
tive capacity. These findings do not exclude each other but may instead
be synergistic such that a healthy cardiovascular system provides a
sound background for the systemically mediated interplay between
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peripheral organs and the brain.

Exercise is known to induce secretion of a wide array of biomolecules
from tissues across the body and several of these exercise-induced bio-
molecules may contribute to the beneficial effects of exercise in the
brain. Studies in animals have further demonstrated that exposure of old
animals to some of these secreted biomolecules or, more comprehen-
sively, to a young or exercised systemic environment through blood
transfer is sufficient to stimulate hippocampal plasticity and improve
cognitive functions. Similarly, transferring blood from exercised donors
to animals presenting early AD pathology could mimic the neuro-
protective effects of exercise. Given this evidence, it may be presumed
that blood transferred from healthy, exercised donors could also have
exercise-mimicking therapeutic effects in human AD patients.
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