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EXERCISE AND ALZHEIMER’S DISEASE 

IN INDIVIDUALS WITH DOWN SYNDROME 

 

JONATHAN WILLIAM ERICKSON 

ABSTRACT 

Individuals with Down syndrome (DS) face a heightened risk of developing 

Alzheimer's disease (AD) due to triplication of chromosome 21, which harbors the 

amyloid precursor protein (APP) gene. The resultant overexpression of APP leads to 

elevated amyloid plaque production, a hallmark of AD neuropathology. With increasing 

longevity, age-related dementia of the AD type is prevalent in people with DS. Given the 

need for targeted interventions, we explore exercise as a potential avenue to mitigate AD 

onset in this vulnerable population. While exercise is known to modulate AD pathways in 

the general population, its specific effects on individuals with DS remain understudied. 

We review three AD pathophysiological pathways—oxidative stress, mitochondrial 

dysfunction, and neuroinflammation—and highlight evidence demonstrating exercise's 

potential to modify these pathways. Clinical trials in the general population demonstrate 

exercise's efficacy in reducing neuroinflammation and oxidative stress, suggesting its 

promise as a non-pharmacological intervention for AD. Longitudinal exercise studies in 

DS are lacking, warranting further investigation into exercise-induced biomarkers and 

neuroprotective mechanisms. To advance this field, blood-based biomarker exploration 

and longitudinal studies are needed in further exercise trials in individuals with DS. This 

review serves to establish a framework to deepen the knowledge where comprehensive 
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data exists, such as oxidative stress studies. The framework also extends to where there is 

a paucity of data, including mitochondrial dysfunction and neuroinflammation. Future 

research should focus on elucidating exercise-induced biomarkers, optimizing exercise 

prescriptions, and exploring novel pathways, ultimately paving the way for effective AD 

prevention and management strategies in this vulnerable population and beyond. 

 

  



 

 viii 

TABLE OF CONTENTS 

DEDICATION ................................................................................................................... iv 

ACKNOWLEDGMENTS .................................................................................................. v 

ABSTRACT ....................................................................................................................... vi 

TABLE OF CONTENTS ................................................................................................. viii 

LIST OF TABLES ............................................................................................................. xi 

LIST OF FIGURES .......................................................................................................... xii 

LIST OF ABBREVIATIONS .......................................................................................... xiii 

INTRODUCTION .............................................................................................................. 1 

Alzheimer's is a Feature of Down Syndrome ................................................................. 1 

Exercise as a Nonpharmacological Intervention for Alzheimer's Disease ..................... 1 

Rationale for Exercise in Individuals with DS ............................................................... 3 

Metabolic and Endocrine Benefits of Exercise ............................................................... 3 

Fitness and Physiological Benefits for Individuals with DS .......................................... 4 

Neurocognitive Benefits of Exercise .............................................................................. 6 

EXERCISE AND OXIDATIVE STRESS.......................................................................... 8 

Overview of Oxidative Stress and AD in Individuals with DS ...................................... 8 

Aberrant Proteins and Oxidative Stress .......................................................................... 9 

Lipid Peroxidation ........................................................................................................ 10 

Redox Enzyme Regulation ........................................................................................... 11 

Oxidative DNA Damage ............................................................................................... 13 

Conjunctive Therapeutic Avenues ................................................................................ 13 



 

 ix 

Modulation of microRNAs and Oxidative Stress ......................................................... 14 

Omics Potential for Examining Oxidative Stress ......................................................... 15 

EXERCISE AND MITOCHONDRIAL FUNCTION ...................................................... 16 

Overview of Mitochondrial Dysfunction in Individuals with DS ................................ 16 

Mitochondrial Biogenesis ............................................................................................. 18 

Signaling Pathways ....................................................................................................... 19 

Tricarboxylic Acid Cycle and Related Metabolic Pathways ........................................ 20 

Bioenergetics in Individuals with DS ........................................................................... 21 

Mitovesicle Secretions .................................................................................................. 21 

EXERCISE AND NEUROINFLAMMATION ................................................................ 22 

Overview of Neuroinflammation in Individuals with DS ............................................ 22 

Neuroinflammatory Biomarkers ................................................................................... 23 

The Role of Brain Derived Neurotrophic Factor in Neuroinflammation ..................... 24 

Ketone Bodies Anti-neuroinflammatory Effects .......................................................... 28 

Myokines and Muscle Organ Crosstalk ........................................................................ 29 

Cytokines and Acute-Phase Proteins ............................................................................ 30 

Complement Dysregulation .......................................................................................... 31 

Aβ.................................................................................................................................. 31 

Membrane-spanning Pattern Recognition Proteins ...................................................... 33 

Exercise Eliciting a Systemic Pro- or Anti-inflammatory Response ............................ 34 

DISCUSSION ................................................................................................................... 35 

Interpretive Summary ................................................................................................... 35 



 

 x 

Future Approaches for Exercise Trials ......................................................................... 38 

Neuroimmune Cell Roles on Exercise-Mediated Processes ..................................... 38 

Changes in the Brain Insulin Pathway Induced by Exercise .................................... 38 

Unique Opportunities at Discrete Age Ranges ......................................................... 39 

Age-Specific Longitudinal Exercise Studies ............................................................ 39 

Circumventing Abnormal Sympathovagal Imbalance in DS.................................... 40 

Endurance Training ................................................................................................... 41 

High-Intensity Training Modalities .......................................................................... 42 

The Muscle-Brain Connection on Anti-Inflammatory Pathways ............................. 43 

Significant Differences Within Modalities ............................................................... 44 

Group Training.......................................................................................................... 45 

Facilitating Exercise Studies in Adults with DS ........................................................... 47 

Difficulty with Methodological Rigor ...................................................................... 47 

Standardization of Exercise Dosage Through Urgency in Training ......................... 48 

Martial Arts and Elements for a Successful Exercise Protocol ................................ 50 

The Next Steps Linking Biomarkers and Exercise in People with DS ......................... 52 

CONCLUSION ................................................................................................................. 52 

REFERENCES ................................................................................................................. 54 

CURRICULUM VITAE ................................................................................................. 112 

 

  



 

 xi 

LIST OF TABLES 

Table 1. Oxidative Stress Biomarkers in Individuals with DS.. ......................................... 9 

Table 2. Mitochondrial Function Biomarkers in Individuals with DS.. ........................... 17 

Table 3. Inflammatory Biomarkers in Individuals with DS or Metabolic Syndrome.. .... 23 

 

 

 

 

  



 

 xii 

LIST OF FIGURES 

Figure 1. Oxidative Stress as a Downstream Product of Trisomy 21 ............................... 14 

Figure 2. Summary of BDNF and Related Pathways ....................................................... 28 

Figure 3. Junction of Immune and Neural Neuroinflammatory Pathways ....................... 33 

Figure 4. Summary of Foundations for Future Research .................................................. 37 

 

 

 

 

 

 

  



 

 xiii 

LIST OF ABBREVIATIONS 

AD .......................................................................................................... Alzheimer's disease 

ADAS-cog............................... Alzheimer’s Disease Assessment Scale-Cognitive subscale 

AD-DS ........................................ Alzheimer's disease in individuals with Down syndrome 

AD-DS ........................................ Alzheimer's disease in individuals with Down syndrome 

AD-GP .......................................................... Alzheimer's disease in the general population 

APOE .......................................................................................................... apolipoprotein E 

APP .............................................................................................. amyloid precursor protein 

Aβ ......................................................................................................... amyloid beta protein 

Aβ ......................................................................................................... amyloid beta protein 

BBB......................................................................................................... blood-brain barrier 

BDNF ............................................................................... brain derived neurotrophic factor 

CAMDEX ..... Cambridge Examination for Mental Disorders of Older People with 

Down Syndrome and Others with Intellectual Disabilities 

CRP ........................................................................................................... c-reactive protein 

CSF ......................................................................................................... cerebrospinal fluid 

CTSB................................................................................................................... cathepsin B 

DS ............................................................................................................... Down syndrome 

FTCD .................................................................... formimidoyltransferase cyclodeaminase 

HIIT....................................................................................... high intensity interval training 

IL .......................................................................................................................... interleukin 

MCI ............................................................................................. mild cognitive impairment 



 

 xiv 

miRNA .............................................................................................. micro ribonucleic acid 

MMP ............................................................................................................ metalloprotease 

mTOR ................................................................................ mammalian target of rapamycin 

PGC-1α ................. peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

PiB................................................................................................... Pittsburgh compound-B 

ROS ................................................................................................ radical oxidative species 

SOD..................................................................................................... superoxide dismutase 

TFAM ..........................................................................mitochondrial transcription factor A 

TNF-α......................................................................................... tumor necrosis factor alpha 

VEGF .............................................................................. vascular endothelial growth factor 

VO2max ................................................................................... maximal oxygen consumption 

 

 

 

 

 

 

 

  



 

1 

 

INTRODUCTION 

Alzheimer's is a Feature of Down Syndrome 

Individuals with Down syndrome (DS), or trisomy 21, are vulnerable to 

Alzheimer’s disease (AD), in part due to the triplication of chromosome 21 (Head et al., 

2016; Wiseman et al., 2015). The amyloid precursor protein (APP) gene resides on the 

21st chromosome; therefore, a gene dosage-dependent overexpression results in elevated 

production of amyloid plaques, a hallmark feature of AD (Korenberg et al., 1990; 

Margallo-Lana et al., 2004; Sawa et al., 2022). This neuropathology is nearly ubiquitous 

in adults with DS by age 40 (Lott & Head, 2019). AD, the most prevalent form of 

dementia worldwide for all individuals older than 65 years (Atri, 2019), afflicts over 6 

million in the United States (“2021 Alzheimer’s Disease Facts and Figures,” 2021). With 

improved longevity, people with DS show increasing age-related dementia of the AD 

type (McCarron et al., 2017).  

Exercise as a Nonpharmacological Intervention for Alzheimer's Disease 

The heightened AD risk for individuals with DS necessitates targeted 

interventions that may ameliorate or prevent dementia onset. Among a myriad of 

nonpharmacological interventions being explored for AD management, (Buccellato et al., 

2023; Huynh et al., 2022; Ribarič, 2022; Wang et al., 2020; Zucchella et al., 2018) 

exercise emerges as an avenue with the potential to reshape the trajectory of AD 

pathways. Physical inactivity is a risk factor for AD (Norton et al., 2014), and people 

with DS are predisposed to a sedentary lifestyle (Block, 1991; Fernhall et al., 1989). 

Considering the triad of genetic, lifestyle, and aging factors for people with DS amplifies 
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the findings that the mechanisms underlying exercise benefits can systemically augment 

the biology of AD. 

Traditional biomarkers like amyloid beta fail to capture the intricate biomolecular 

progression of AD disturbances, driving recent exploration of additional AD pathways. 

Thus, at the forefront of the literature are three AD pathophysiological pathways shown 

to be modifiable by exercise and thereby form the focus of this review: oxidative stress 

(López-Ortiz et al., 2021), mitochondrial dysfunction (Berchtold et al., 2019; Bernardo et 

al., 2016; Santos et al., 2012), and neuroinflammatory processes (Cervenka et al., 2017; 

Improta-Caria et al., 2020; Jensen et al., 2019; Ribarič, 2022). Specifically, clinical trials 

for AD in the general population (AD-GP) confirm that exercise reduces 

neuroinflammation (Abd El-Kader & Al-Jiffri, 2016; Nascimento et al., 2014) and 

oxidative stress (Ionescu-Tucker & Cotman, 2021). 

Although comprehensive reviews exist on exercise in AD-GP, such as those by 

Valenzuela et al. (2020) and Huuha et al. (2022), a review for the population with DS is 

absent. Exercise succeeds in diminishing oxidative stress in individuals with DS 

(Janmohammadi & Moghadasi, 2021; Ordonez et al., 2012; Rosety-Rodriguez et al., 

2010, 2021).  The literature also strongly suggests that mitochondrial function and 

neuroinflammation should be considered in exercise analyses in people with DS. 

Due to limited DS-specific research, insights from the general population will be 

considered supplementarily to establish a foundation for future biomarker studies. Given 

that exercise is established in the literature as a mediator of AD biomarker expression 

with potential for AD interdiction, our approach aims to enrich our understanding of 
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exercise’s neuroprotective roles in DS. This may lead to unlocking strategies for 

preventing and mitigating AD in this vulnerable population and beyond.  

Rationale for Exercise in Individuals with DS 

 Adults with DS show significant fitness improvements and changes in body 

composition with ranging effects depending on intensity, adherence to exercise routines, 

and personal congruence with the physical activity regimen (Barnard et al., 2019; Dodd 

& Shields, 2005; González-Agüero et al., 2010; Seron et al., 2014). These benefits are 

particularly significant considering the high prevalence of inactivity (Block, 1991; 

Fernhall et al., 1989) and a notable shortfall in meeting recommended physical activity 

guidelines within the population with DS. How exercise activities are introduced can 

enhance engagement in physical activity programs for individuals with DS (Murray & 

Ryan-Krause, 2010). For instance, family involvement, facilitator methods, and personal 

beliefs about the activities play pivotal roles (Alesi & Pepi, 2017). It is necessary to 

consider participants’ affective state and motivation as it can mediate longitudinal 

physical activity adherence. A review examining 19 studies arranging positive 

reinforcements as a strategy to increase regular exercise showed positive results although 

few studies lacked methodological strength (Rotta et al., 2023). Exercise can cause 

measurable improvements in cognition and robust changes in the physical health of 

individuals with DS, supporting the inclusion of physical activity (Pastula et al., 2012). 

Metabolic and Endocrine Benefits of Exercise 

DS is associated with metabolic and endocrine pathway disruptions. Metabolic 

syndrome, reduced basal metabolism, dyslipidemia, hypothyroidism, and high type I and 
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II diabetes rates are observed (Alexander et al., 2016; Bergholdt et al., 2006; 

Grammatikopoulou et al., 2008; Johnson et al., 2019; Konings et al., 2001; Murray & 

Ryan-Krause, 2010). This denotes increased comorbid risk of AD through metabolic and 

vascular mechanisms. Increased circulating leptin, a marker of leptin resistance in obese 

children with DS, is analogous to levels in neurotypical children with simple obesity, 

highlighting early insulin resistance in people with DS (Yahia et al., 2012). These 

metabolic symptoms and a sedentary lifestyle can be mitigated with physical activity. For 

example, decreased leptin, tumor necrosis factor alpha (TNF-α), and interleukin-6 (IL-6), 

as well as weight and waist circumference in male adults with DS have been observed 

upon completing a resistance training program (Rosety-Rodriguez et al., 2013). 

Thoroughly profiling the metabolic condition of individuals with DS is relevant to 

AD treatment research as pharmacokinetics, pharmacodynamics, and pharmacogenetics 

may differ in this population compared to the general population (Alaama et al., 2015). In 

parallel, the unique DS phenotype shows altered responses to exercise. Further AD-

relevant pathway research could target aspects of the typical metabolic condition and 

other characteristics of DS using physical activity as an alternative intervention.   

Fitness and Physiological Benefits for Individuals with DS 

 Multiple studies have quantifiably shown that adults with DS can improve 

common markers of fitness. Applying systematic and well-designed protocols of 

moderate training programs has yielded measurable improvements in parameters such as 

VO2 max, walking economy, heart rate recovery, cardiometabolic risk profile, strength, 

and aerobic work capacity (Balic et al., 2000; Barnard et al., 2019; Mendonca et al., 
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2011, 2013; Rimmer et al., 2004; V. K. Tsimaras & Fotiadou, 2004).  In more strenuous 

activities such as swimming, eight weeks of training showed significant differences 

between the exercise and control groups in other parameters, including body mass index, 

aerobic capacity, dynamic balance, and muscular strength (Boer & de Beer, 2019). 

Activities such as rowing have also been shown to increase the duration of physical 

stamina of participants with DS (Varela et al., 2001). Another study measuring shifts in 

grip strength after exercise showed strength increases after a singular exercise session 

(Chen et al., 2014). It was also found that weight, body mass index, and waist 

circumference were positively correlated with grip strength in young men with DS (Chen 

et al., 2013). Within exercise protocols, trackable fitness markers offer participants 

measurable goals that could serve as proxies for AD-relevant biomarkers requiring more 

invasive testing. 

A 12-week resistance training protocol showed improved salivary testosterone 

levels in sedentary adults with DS (Fornieles et al., 2014). Testosterone levels indicate the 

anabolic processes that underly recovery from training and, consequently, the retention of 

performance gains. This demonstrable capacity to change exercise performance abilities 

is notable. Improved performance may lead to greater satisfaction, and therefore, 

motivation to continue exercise regimens. 

Despite capacity for gains, exercise in individuals with DS meets physiological 

barriers. Reduced maximal heart rate and peak oxygen consumption may be related to 

reduced sympathetic drive and circulating catecholamines in this population (Baynard et 

al., 2004). The synergy of a lessened sympathetic response with cardiopulmonary 
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limitations may contribute to challenges in self-exertion during physical activity. Blunted 

acute responses to exercise may lead to heightened perceptions of exercise difficulty, 

consequently increasing the likelihood of adopting a sedentary lifestyle (Kerstiens & 

Green, 2015).  

Additionally, The prevalent higher body mass index (BMI) and body fat 

percentage in individuals with DS, compared to their age- and sex-matched counterparts 

(González-Agüero et al., 2011; Gutierrez-Hervas et al., 2020; Loveday et al., 2012) may 

contribute to a potential decline in peak oxygen uptake. However, improvements in peak 

oxygen uptake following aerobic exercise are often substantial (Mendonca et al., 2011; 

V. Tsimaras et al., 2003). Without intervention, peak oxygen uptake can worsen as 

people with DS age, resulting in a degradation of the ability to perform activities of daily 

living and work duties. This is often observed as contributing toward a reduction of 

physical activity (Barnhart & Connolly, 2007; Fernhall, 1993). Cognitive abilities may 

suffer in concordance with losses of physical independence and together these findings 

suggest that exercise should be a part of the overall care plan for adults with DS. Given 

the estimation that physical inactivity contributes to 21% of AD-GP cases, (Norton et al., 

2014), it is evident that there is a need for thorough examination of the role of exercise in 

modulating AD pathways for individuals with DS. 

Neurocognitive Benefits of Exercise 

Studies show that exercise ability may parallel neurocognitive changes. This 

relationship is crucial because it has also been shown that reduced physical activity is 

correlated to AD susceptibility (Balsamo et al., 2013). Exercise may delay a third of 
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dementias globally by modulating Aβ, inflammation, and neurotrophins (De la Rosa et 

al., 2020). Exercise may also delay the onset of AD in individuals with the apolipoprotein 

E4 allele, (APOE ε4) a genetic AD risk factor (Tokgöz & Claassen, 2021). However, the 

enhanced AD risk for the general population resulting from APOE4 may be less 

pronounced for individuals with DS (Rohn et al., 2014).  

Studies have shown positive impacts of exercise on cognition in the population 

with DS. Verbal fluency changes often presage the onset of AD in DS, and moderate-

level intensity exercise has been shown to improve semantic fluency (Chen & 

Ringenbach, 2019). Even short bouts of exercise have been shown to improve executive 

function in young adults with DS (Chen et al., 2015). A study found a 12-week 

community-based exercise program for 13-35 year old individuals with DS to improve 

executive function, but failed to augment processing speed or working memory (Shields 

et al., 2022). However, a 12-week exercise intervention did show positive implications 

for memory and cognition in adults with DS (Ptomey et al., 2018). 

Exercise intensity may have a dose-dependent effect on cognitive function in 

individuals with DS (Chen & Ringenbach, 2016). In 2-year study involving 214 adults 

with DS, Cambridge Examination for Mental Disorders of Older People with Down 

Syndrome and Others with Intellectual Disabilities (CAMDEX-DS) assessment showed 

that consistent physical activity at moderate, and even more so, at high intensity levels 

lowered the risk of decline in personality and skills that precedes AD (Pape et al., 2021). 

Moderate-intensity exercise was also found to be associated with hippocampal volume in 

individuals with DS (Peven et al., 2022). Another study found the percentage of 
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sedentary time showed an inverse link with cognitive function, while moderate-to-

vigorous activity was positively associated. Both respectively related to white matter 

integrity in the superior and inferior longitudinal fasciculus (Fleming et al., 2021).  

Various training modalities yield distinct advantages. A single resistance training 

session with adults with DS has been shown to have a greater increase than cycling in 

executive function, specifically in measures of cognitive control and cognitive planning. 

Both cycling and resistance training led to significant increases compared to the no 

training session (Ringenbach et al., 2021).  

EXERCISE AND OXIDATIVE STRESS 

Overview of Oxidative Stress and AD in Individuals with DS 

A specific AD risk factor exacerbated by physical inactivity is oxidative stress 

(Laufs et al., 2005) referring to the imbalance in the body’s handling of reactive oxygen 

species (ROS) that are generated within cells as normal metabolic byproducts of cellular 

respiration. Oxidative damage is of high importance because it is associated with early 

aging (Zamponi et al., 2018) and neurodegeneration in individuals with DS (Lott et al., 

2006; Manna et al., 2016). Heightened oxidative stress due to trisomy 21 may directly 

contribute to neuropathological changes associated with AD (Zigman & Lott, 2007).  

Oxidative damage peaks in the early AD phases and decreases with disease 

progression (Nunomura et al., 2001). Beyond AD risk, the highly oxidative condition of 

DS has been associated with morphological abnormalities, immune disorders, intellectual 

disability, premature aging, and other biochemical abnormalities of DS individuals 
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(Muchová et al., 2014). Major biomarkers that indicate the process of or play a role in 

mitigating ROS are listed in Table 1. 

Table 1. Oxidative Stress Biomarkers in Individuals with DS. 

Biomarker: Type: Indicative of: Effect of 

Exercise: 

References: 

SOD Antioxidant 

Enzyme 

cytochrome 

oxidase activity 

and DS 

pathologies 

Identified, 

but not 

studied. 

Muchova et 

al., 2014 

Plasma carbonyl 

content 

Oxidized protein 

product 

Protein 

oxidation 

↓ Ordonez et al., 

2012 

PINK1/PARKIN Serine/threonine-

protein kinase 

and ubiquitin 

ligase 

Mitophagy Identified, 

but not 

studied. 

Bordi et al., 

2019 

Malondialdehyde Lipid 

peroxidation 

product 

Oxidative stress 

(directly) 

↓ Meguid et al., 

2014 

glutathione 

peroxidase-1 

(GPX)-1 

Antioxidant 

Enzyme 

H202 

detoxification 

↑ Sinet, 1982 

Ordonez et al., 

2006 

Pyruvic acid Glycolytic end-

product 

Shift between 

glycolytic and 

fermentative 

metabolism 

Identified, 

but not 

studied. 

Gross et al., 

2019 

Methyl adipic 

acid 

Glycolytic end-

product 

Shift between 

glycolytic and 

fermentative 

metabolism 

Identified, 

but not 

studied. 

Gross et al., 

2019 

Allantoin Metabolic 

Intermediate 

Oxidative stress ↓ Rosety-

Rodriguez, 

2010 

 

Aberrant Proteins and Oxidative Stress 

Oxidized proteins are increased in the hippocampus as well as other brain regions 

in patients with AD (Butterfield et al., 2006). Oxidative stress is linked to amyloid beta 

plaque formation. However, it is controversial if the mechanisms underlying the benefits 
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of exercise directly improve amyloid beta clearance or improve redox regulation resulting 

in cognitive benefits (Cui et al., 2018). Therefore, it is key to look at protein and gene 

expression to elucidate these mechanisms. In people with DS, oxidative stress may result 

from PTEN-induced kinase 1 and E3 ubiquitin ligase (PINK1/PARKIN) impairment and 

abnormal suppression of macroautophagy (Bordi et al., 2019). Animal model studies 

indicate that PINK1/PARKIN expression can be increased with moderate exercise (Li et 

al., 2021); this is yet to be researched in individuals with DS.  

Still, oxidative stress human studies represent the most comprehensive data from 

exercise trials in this population. Reduced global protein oxidation measured by plasma 

carbonyl content was seen after a 12-week moderate-intensity aerobic training program 

involving adolescents with DS (Ordonez et al., 2012). A similar exercise protocol 

reduced the biomarker allantoin, the main product of uric acid oxidation via ROS 

(Rosety-Rodriguez et al., 2010). 

Lipid Peroxidation 

The intersection of lipid metabolism and oxidative stress mechanisms represents a 

growing overlap between AD research in the general population and those with DS 

(Mapstone et al., 2020). Within AD-GP, oxidative stress is associated with increased 

brain concentration of lipid peroxidation products such as malondialdehyde and 4‐

hydroxynnonenal (Markesbery & Carney, 1999). Lipid metabolic disturbances are 

implicated in autosomal dominant AD, specifically, the pathologies involving PSEN1-2 

(Cai et al., 2015). These lipid disturbances are thought to also influence pathology in late 

onset AD (Zhang et al., 2011). A genetic risk factor, the APOE ε4, is also prevailing 
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indicator of AD susceptibility (Safieh et al., 2019; Stocker et al., 2020). Patterns of brain 

oxidative damage precede symptom onset, and increased lipid peroxidation may be 

associated with an increased risk of AD in general (Chew et al., 2020; Peña-Bautista et 

al., 2019, 2021). Additional lipid dysfunction leads to abnormal oxysterols, prostanes, 

phospholipids, and other fatty acids in the CSF or plasma, including numerous molecules 

that can serve as individual biomarkers or a complex profile (Yoshida et al., 2013; 

Zarrouk et al., 2018). There are alterations observed in preclinical AD, such as with 

plasma sphingomyelins, and more insight will emerge with further lipidomics 

examination (Fote et al., 2021). 

In individuals with DS, glutathione peroxidase (GPX) activity is reduced, and 

high erythrocytic hexose monophosphate shunt activity is observed (Sinet, 1982). 

Aerobic training over a 12-week period in adolescents with DS has been shown to 

increase GPX, leading to less oxidative stress from oxidized lipids (Francisco Javier et 

al., 2006). In the same demographic, a 12-week treadmill program significantly increased 

GPX and decreased another biomarker of lipid peroxidation, malondialdehyde (Meguid 

et al., 2014). An 8-week SPARK fitness regimen also reduced malondialdehyde in 

adolescents with DS (Janmohammadi & Moghadasi, 2021). Resistance training, i.e. 

weightlifting, for 12 weeks reduced markers of oxidative damage in adults with DS as 

measured by malondialdehyde and carbonyl levels. 

Redox Enzyme Regulation 

 Resistance training has also shown to increase the antioxidant biomarker 

glutathione reductase and the plasma total antioxidant status in adults with DS (Rosety-
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Rodriguez et al., 2021). Even walking has shown to improve the oxidative state 

representative of DS (Zambrano et al., 2009), however, this was a salivary measurement 

rather than plasmatic. Further confirmation of redox augmentation exists with the finding 

that chronic aerobic exercise increased mRNA expression of antioxidant enzymes such as 

catalase, GPX-1, and SIRT3 in healthy individuals in the general population (Tsukiyama 

et al., 2017). 

Reduced superoxide dismutase (SOD) is seen in early phase AD (Puertas et al., 

2012; Torres et al., 2011) and is proposed as an inducer of ROS in DS (Perluigi & 

Butterfield, 2012). SOD lies on the 21st chromosome and its triplication results in an 

imbalance in the ratio of SOD to catalase and GPX causing ROS accumulation (Zana et 

al., 2007). The APOE4 allele, a known AD risk factor, is also linked to reduced SOD 

activity (Chico et al., 2013). It has been suggested that exercise can stimulate SOD and 

decrease NADPH oxidase activity, limiting the progression of oxidative stress and 

therefore reducing dementia risk through vascular health (Luca & Luca, 2019). Although 

AD-DS is not thought to be of primary vascular origin, SOD has research potential in this 

population. In a study of cognitively healthy individuals, 12 weeks of endurance training 

increased plasma SOD activity and decreased oxidative stress (Edwards et al., 2004). 

Notably, there is bioenergetic and redox pathway overlap among other 

pathological conditions outside of AD or MCI; therefore, broad metabolic oxidative 

stress biomarkers may be limited in their singular utility (Arslan et al., 2020). 
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Figure 1. Oxidative stress as a downstream product of trisomy 21. ROS 

overproduction results from insufficient antioxidation enzymes to mitigate overactive 

SOD levels (Ravančić et al., 2022). 

Oxidative DNA Damage 

In addition to oxidized proteins, oxidative modifications of nuclear, cytosolic, and 

mitochondrial nucleic acids have been reported in the brains of patients with AD (Ding et 

al., 2005; Kowalska et al., 2020; J. Wang et al., 2006).  DNA damage can be estimated 

with levels of 8-hydroxy-deoxyguanosine (8oHdG); likewise, measurement of RNA can 

be correlated to 8-hydroxyguanine (8OHG) levels (Butterfield & Halliwell, 2019). Since 

ROS can accelerate lesions in the highly susceptible mitochondrial DNA due to 

compartmental proximity (Santos et al., 2012), alleviation of nucleic acid oxidants 

through exercise requires exploration in AD-DS. 

Conjunctive Therapeutic Avenues 

Oxidative stress is a possible therapeutic target in people with DS who are in the 

preclinical AD state (Strydom et al., 2009). A clinical trial of high-potency antioxidants 

did not alter the course of dementia in individuals with DS (Lott et al., 2011). However, 
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exercise as a “physical antioxidant” (Ďuračková, 2010) can be explored as an extension 

of this line of investigation or paired in tandem with antioxidant supplementation. 

In general, the effects of exercise on the oxidative state and ROS metabolism are 

positive. However, it is crucial to consider the uncertainty regarding individual metabolic 

conditions; a meta-analysis has shown a lack of exercise response patterns in the 

biomarkers of oxidative stress in individuals with DS (Shields et al., 2018). The severity 

of metabolic aberrations may differ among individuals with DS; therefore, the oxidative 

response may be highly variable. The aspects underpinning exercise variation are 

beginning to be explored in the general population (Kelly & Pomp, 2013); the molecular 

knowledge from exercise research in people with DS could provide approaches to 

understanding the modulation of protective or deviant AD-associated pathways.  

It is also important to note that the acute effects of exercise include oxidative 

stress, while the impact of regular exercise diverges in the opposite direction, effectively 

reducing oxidative damage. This reduction depends on the type of exercise and intensities 

(Bouzid et al., 2014; Kozakiewicz et al., 2019). The beneficial mechanism may be an 

adaptive physiological signaling pathway triggered by the initial impulse of exercise-

induced ROS (Markesbery & Carney, 1999). It is important to establish and consider the 

elevated baseline oxidative state of people with DS in future exercise studies.  

Modulation of microRNAs and Oxidative Stress 

Oxidative stress is recognized as one of the signals linked to the levels of 

microRNAs  that are proposed to be involved in the pathogenesis of AD (Prasad, 2017). 

Exercise-induced alteration of microRNAs is of growing interest due to their 
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maintenance of cellular homeostasis through negative gene regulation (dos Santos et al., 

2022) and specifically in AD research as a molecular mechanism underlying the benefits 

of exercise (Improta-Caria et al., 2020). MiRNAs can target and regulate the expression 

of genes involved in oxidative stress pathways. Some miRNAs may suppress the 

expression of antioxidant genes, leading to increased oxidative stress in cells. Conversely, 

certain miRNAs might target pro-oxidant genes, providing a protective role.  

miRNA-409 and miRNA-501 have a role in cognition, and through cross-

correlation with healthy and disease data profiles have been proposed as biomarkers with 

the potential to be studied using exercise (Goldberg et al., 2021). In patients with DS, 

microRNA-155 may be involved in brain pathology, as it has immune and neural roles 

while microRNA -802 is associated with hippocampal deficiencies (Brás et al., 2018). 

These two microRNAs may hold significant oxidative stress biomarker value for physical 

activity trials for people with DS. 

Omics Potential for Examining Oxidative Stress 

Studies examining broad antioxidant profiles or utilizing omics approaches are 

increasingly recommended for exercise research  (Alu et al., 2022; Menzel et al., 2021; 

Radom-Aizik & Cooper, 2016). Comprehensive assessment of various antioxidants 

present within the human body provide a holistic view of the individual’s ability to 

counteract oxidative stress and are standard in the general population. Examples include a 

study examining antioxidant response to a half marathon in recreational runners (Vassalle 

et al., 2020) and an omics-based analysis of the response to yoga (Khokhar et al., 2022). 

These comprehensive and multi-domain studies should be considered for exercise 
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research in the population with DS because oxidative stress is dynamic, and its effects 

may evolve over time. Longitudinal studies in people with DS employing omics 

approaches can enable researchers to track changes in antioxidant profiles arising from 

increased fitness or other changes resulting from chronic exercise, illustrating the 

temporal aspects of oxidative stress modulation.  

EXERCISE AND MITOCHONDRIAL FUNCTION 

Overview of Mitochondrial Dysfunction in Individuals with DS 

In general, a prime target of ROS damage is the mitochondria. In DS, deficits in 

cAMP/PKA-dependent phosphorylation, NADH ubiquinone oxidoreductase, ATP 

synthase, and adenylate kinase are observed. Additionally, mitochondrial DNA (mtDNA) 

alterations, ineffective mtDNA repair system, and altered mitochondrial morphology and 

biogenesis have been demonstrated (Arbuzova et al., 2002; Coskun & Busciglio, 2012; 

Helguera et al., 2013; Valenti et al., 2010, 2011). Trisomic mitochondrial dysfunction 

contributes to a general loss of cellular functions that strictly depend on ATP availability 

(Butterfield et al., 2014; Valenti et al., 2018). These aberrations are pertinent to more 

than just the metabolic disorder present in DS; they have neuropathological implications. 

Mitochondrial control region mutations are observed concurrently with AD in general 

and population with DSs (Coskun et al., 2010).  Mitochondrial dysfunction is also 

considered a trigger for the onset of the AD process in DS (Kim et al., 2000). 

Literature shows that exercise can mitigate some pathological mitochondrial 

changes due to aging (Moreira et al., 2017). Yet, there is a lack of AD studies in all 

populations using exercise as an intervention on mitochondrial dynamics. However, this 
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is now feasible with new techniques, such as positron emission tomography (PET) tracers 

of mitochondrial complex I function that validate rescuing AD dysfunction (Terada et al., 

2020). Major biomarkers distinguishing healthy or lesioned mitochondria are found in 

Table 2.  

Table 2. Mitochondrial Function Biomarkers in Individuals with DS. 

Biomarker: Type: Indicative of: Effect of 

Exercise: 

References: 

fibroblast growth 

factor-21 

(FGF21) 

Hepatokine Metabolic 

Syndrome 

Identified, 

but not 

studied. 

Chang and 

Namkung, 2021 

growth 

differentiation 

factor-15 

(GDF15) 

Transforming 

growth factor β 

cytokine 

Metabolic 

Syndrome 

Identified, 

but not 

studied. 

Chang and 

Namkung, 2021 

angiopoietin-like 

6 (ANGPTL6) 

Vascular 

endothelial 

growth factor 

Metabolic 

Syndrome 

Identified, 

but not 

studied. 

Chang and 

Namkung, 2021 

Thiosulfate Oxyanion of 

sulfur 

Suppression of 

electron transport 

Identified, 

but not 

studied. 

Szabo, 2020 

Sulfhemoglobin Irreversible 

oxidation 

product of 

hemoglobin 

Suppression of 

electron transport 

Identified, 

but not 

studied. 

Szabo, 2020 

Adenosine Nucleoside Neural 

metabolism 

Identified, 

but not 

studied. 

Patterson, 2009 

Gross et al., 

2019 

Mitovesicle 

exocytotic 

secretions 

Extracellular 

vesicle 

Mitochondrial 

function 

Identified, 

but not 

studied. 

D'Acunzo et al., 

2021 

peroxisome 

proliferator-

activated 

receptor-gamma 

coactivator 

(PGC)-1α, 

Protein increased brain 

mitochondrial 

biogenesis 

↑ Mollo et al., 

2020 

Glynn et 

al., 2008 

Kou et 

al,. 2019 

 



 

18 

 

Mitochondrial Biogenesis 

The loss of mitochondrial structural and functional integrity is foundational to the 

neurodegeneration in AD. Mitochondrial dysfunction is also a key facet of DS caused by 

overexpression of numerous critical oxidative phosphorylation and mitochondrial 

function genes on the 21st chromosome (Tan et al., 2023). These include NRIP1, RCAN1, 

CBS, DSCAM, and DYRK1A (Valenti et al., 2010, 2011).  

Brain mitochondria biogenesis may be a modifiable pathway that can disrupt AD 

pathology. This has been demonstrated with an exercise study of the general population 

showing significant increases in plasma insulin growth factor (IGF-1) in AD patients 

compared to controls who were older adults without dementia (Stein et al., 2021) IGF-1 

is involved in cerebral angiogenesis along with vascular endothelial growth factor 

(VEGF) which has been linked to mitochondrial biogenesis (Wright et al., 2008). In an 

exercise study with MCI patients, by Suzuki et al, plasma VEGF was examined, but non-

significant effects were observed. However, it is documented that exercise increases 

plasma VEGF in neurotypical athletes and sedentary individuals (Kraus et al., 2004). 

Research is needed on the effects of exercise on brain mitochondrial biogenesis in 

individuals with DS to possibly mitigate the downstream effects of dysfunctional 

oxidative phosphorylation and mitochondrial control genes. 

An angiogenic muscular response to exercise facilitated by VEGF represents a 

beneficial outcome for overall health; however, within the realm of AD research, 

investigation into VEGF serves as an essential juncture between nonpharmacological and 

pharmacological therapeutic approaches. This is due to its capacity to enhance BBB 
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permeability in mice, potentially improving drug delivery into the brain (Jiang et al., 

2014; Sharma et al., 2023). Consequently, there is a compelling rationale to investigate 

exercise-induced VEGF in individuals with DS since it may contribute to augmenting 

future AD drug treatments.  

Signaling Pathways 

Exercise is shown to affect the activity and turnover of mitochondria by 

increasing peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-

1α) and mitochondrial transcription factor A (TFAM), serving as evidence of increasing 

biogenesis (Moreira et al., 2017). TFAM and PGC-1α are both lowered in DS (Lee et al., 

2003; Piccoli et al., 2013). PGC-1α is a transcriptional coactivator that plays a key role in 

regulating the expression of genes involved in mitochondrial biogenesis and function. 

PGC-1α induced mitochondrial biogenesis may depend on BDNF secretion in response to 

exercise (Cheng et al., 2012). Research indicates that exercise exerts favorable effects on 

enhancing mitophagy and boosting proteins involved in mitochondrial function, which 

together may affect the neurodegenerative process of AD. 

Strategies targeting the vulnerable mitochondria in DS show potential for new 

treatment regimens (Valenti et al., 2018). It has been proposed that stimulating the PGC-

1α activity or inhibiting mammalian target of rapamycin (mTOR) signaling could reverse 

mitochondrial dysfunction in DS, thereby providing evidence for pharmacological 

targeting of these pathways (Mollo et al., 2020). There are animal studies showing 

exercise respectively upregulating and attenuating these pathways, and therefore 

improving mitochondrial dysfunction (Glynn et al., 2008; Kou et al., 2019). Overall, 
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implementing such strategies may exert protective effects on individuals with DS. 

Therefore, as physical activity is widely recognized as a protective measure against AD, 

this can be extended to AD in individuals with DS (Radak et al., 2010).  

Tricarboxylic Acid Cycle and Related Metabolic Pathways 

Plasma from individuals above the age of 10 with DS has been reported to have 

abnormal levels of amino acids and Krebs Cycle intermediates, possibly associated with 

accelerated aging and due to genetic disposition (Caracausi et al., 2018). Increased 

urinary thiosulfate and circulating sulfhemoglobin levels have been detected in patients 

with DS (Szabo, 2020). Accumulation of Krebs cycle intermediates in dermal fibroblasts 

derived from people with DS results from suppression of mitochondrial electron transport 

in these cells; this is related to the elevated expression cystathionine-beta-synthase and 

subsequent overproduction of the gaseous transmitter hydrogen sulfide (Panagaki et al., 

2019).  

Formimidoyltransferase cyclodeaminase (FTCD) is another gene located on the 

long arm of 21st chromosome, encoding an enzyme that participates in histidine and 

folate metabolism, both essential for purine, pyrimidines, and amino acids biosynthesis. 

In addition, aberrant adenosine, homocysteine, and folate metabolism are also observed 

in adults with DS (Gross et al., 2019; Patterson, 2009).  

These numerous energetic pathway intermediates affected in individuals with DS 

may be ideal targets to elucidate the patterns that underlie the effects of exercise. It has 

been suggested that physical exercise can improve the metabolic state characteristic in 
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individuals with DS by inducing increases in the mitochondrial count and structural and 

functional changes (Pecze et al., 2020). 

Bioenergetics in Individuals with DS 

With AD in DS, there are increased levels of pyruvic and methyl adipic acids 

resulting from a shift from aerobic respiration toward less efficient glycolytic and 

conjunctive fermentative metabolism. This suggests that bioenergetically derived 

metabolites in the blood could monitor this shift (Gross et al., 2019). Cells of subjects 

with DS have been shown to exhibit what describe as a pseudo-hypoxic state: cellular 

metabolic and bio-energetic mechanism alterations resemble the hypoxic cellular 

response (Pecze et al., 2020). This may be responsible for various functional deficits 

associated with DS, including reduced exercise disparity, compromised neurocognitive 

state, and neurodegeneration.  

Despite the distinction between pseudo-hypoxia and an actual hypoxic energy-

deficient state, exercise may cause mitochondrial and cellular metabolic changes that 

reduce these functional deficits. There have been exercise studies in which peak oxygen 

uptake rate and VO2max levels have improved from the naturally low baseline state 

commonly seen in individuals with DS (Barnhart & Connolly, 2007; Fernhall, 1993). 

However, a bridge between the pseudo-hypoxic cellular state and implications for the 

macro-oxygenation system in individuals with DS is yet to be studied.  

Mitovesicle Secretions 

The novel mitovesicle exocytotic secretions—identified as differing from 

canonical intracellular mitochondria and extracellular vesicles—are altered in brains of 
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individuals with DS (D’Acunzo et al., 2021). This pathway of constitutive secretion of 

mitochondrial vesicles by brain cells is altered in conjunction with mitochondrial 

dysfunction. Mitochondrial membrane potentials measured in blood cells from 

individuals with DS are more susceptible to damaging agents than controls (Roat et al., 

2007). The DS mouse model this evidence is based upon excludes APP and SOD1 

mutations. Therefore, oxidative stress is caused by a pathway alternative to these genetic 

aberrations, elucidated by decreased mitochondrial membrane potential and other 

biomarkers (Shukkur et al., 2006). The distinction between oxidative stress and 

mitochondrial dysfunction pathways allows exercise studies to probe each independently.  

Much research has been done on muscle mitochondria, while further studies of 

changes in neuronal mitochondrial are needed. Emerging data supports adaptations 

featured by neuronal and glial mitochondria elicited by exercise (Iulita et al., 2016). 

Studying these changes with exercise protocols in people with DS may elucidate 

pathway-specific patterns. 

EXERCISE AND NEUROINFLAMMATION 

Overview of Neuroinflammation in Individuals with DS 

Targeting neuroinflammation is a potential therapeutic strategy for combating 

AD. Amyloid beta is central to AD, and neuroimaging assays can visualize its deposition, 

though there are complex molecular pathways involved in amyloid beta pathology. In 

order to complement a number of neuroimaging exercise studies in people with DS, there 

is a critical need for blood-based biomarker explorations of anti-neuroinflammatory 
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pathways via exercise-induced neurotrophic factors (Nay et al., 2021; Parrini et al., 2017) 

and signaling and crosstalk pathways (Green et al., 2021; Sleiman et al., 2016).  

Changes in the innate immune system and neuroinflammation are early 

characteristics shared by both DS and AD that potentially impact the clinical presentation 

of cognitive deterioration (Ahmed et al., 2021). This neuroinflammatory profile develops 

throughout the lifespan in individuals with DS (Flores-Aguilar et al., 2020). These 

insights are crucial for identifying stage-specific anti-inflammatory exercise trials aimed 

at AD. Major neuroinflammatory biomarkers are listed in Table 3.  

Table 3. Inflammatory Biomarkers in Individuals with DS or Metabolic Syndrome. 

Biomarker: Type: Indicative of: Effect of 

Exercise: 

References: 

C-reactive 

protein (CRP) 

Protein Systemic 

inflammation 

↓ Alizaei 

Yousefabadi et 

al., 2021 

TNF-α Proinflammatory 

cytokine 

Neuroinflammation ↓ Alizaei 

Yousefabadi et 

al., 2021 

BDNF Neurotrophin Anti-

neuroinflammation 

↑ Salimi 

Avansar, 2017 

Szuhany et al., 

2015 

Interleukin 8 

(IL-8) 

Proinflammatory 

cytokine 

AD pathogenesis ↓ Alizaei 

Yousefabadi et 

al., 2021 

Interleukin 10 

(IL-10) 

Proinflammatory 

cytokine 

AD pathogenesis ↓ Alizaei 

Yousefabadi et 

al., 2021 

 

Neuroinflammatory Biomarkers 

Alterations in the metalloproteases (MMP) and neuroinflammatory mediators are 

seen in DS. Whether in symptomatic or asymptomatic AD stages, the plasma of 
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individuals with DS displays increased levels of inflammatory molecules including 

neurotrophin nerve growth factor (proNGF), MMP-1, MMP-3, MMP-9, tumor necrosis 

factor alpha (TNF-α), and interleukins (IL) 6 and 10 (Iulita et al., 2016). 

Young adults with DS have been found to have elevated inflammatory cytokines, 

C-reactive protein (CRP), and increased expression of a gene known as triggering 

receptor expressed on myeloid cells-2 (TREM2) (Weber et al., 2020), all of which are 

associated with increased AD risk (Hegazy et al., 2022; Rani et al., 2022). IL-6, VEGF-

A, MCP-1, IL-22, and TNF-a are documented as elevated in adults with DS (Sullivan et 

al., 2017). TNF-a and IL-6 may represent biomarkers that specifically reflect the 

neuropathology of DS (Zaki et al., 2017). These numerous molecules can serve 

individually or as a panel, indicating changes in oxidative state in response to exercise.  

The Role of Brain Derived Neurotrophic Factor in Neuroinflammation 

Aggravated inflammatory signaling cascades, and a general proinflammatory state 

is seen in DS. Brain-derived neurotrophic factor (BDNF) signaling represents a 

potentially new pharmacological target in humans, particularly for treatments aimed at 

ameliorating cognitive issues in patients with DS (Parrini et al., 2017). BDNF can serve 

as a potential biomarker for changes in neuroinflammation pathways as it can be 

efficiently sampled from blood samples. In a study using specific protocols to measure 

blood leaving the human brain, exercise increased the amount of BDNF released after 

three months of endurance training in healthy sedentary neurotypical adults compared to 

controls (Seifert et al., 2010). Another study found 6 months of a strong exercise 

prescription of 90 minutes per day twice per week to reveal a significant association 
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between BDNF and the Alzheimer’s Disease Assessment Scale-Cognitive subscale in 

elderly patients with MCI (ADAS-cog) (T. Suzuki et al., 2013). Patients of the same 

demographic showed significant improvements in plasma BDNF and cognition from a 

thrice-weekly Tai Chi exercise routine for six months (Sungkarat et al., 2018). 

BDNF has a wide array of proposed functions in the brain, and its expression is 

reduced in DS and AD (Dogliotti et al., 2010; Peng et al., 2005). BDNF is a significant 

biomarker because its decline precedes the decline in choline acetyltransferase activity in 

AD and is correlated with cognitive function (Peng et al., 2005)., In mice models of DS, 

cholinergic neurons are pathologically compromised, yet this decline can be attenuated 

by the expression of neurotrophic factors such as BDNF (Lockrow et al., 2012). Several 

studies demonstrate a link between exercise and increased BDNF expression in humans 

and animal models (N. Berchtold et al., 2005; N. C. Berchtold et al., 2010; H. Liu et al., 

2011; Y. F. Liu et al., 2008; Nichol et al., 2009). In children and teenagers with DS, 

BDNF expression is often elevated; however, at later ages, a striking drop in peripheral 

BDNF is observed (Dogliotti et al., 2010). This age-dependent expression pattern may 

reflect presymptomatic AD progression, as Aβ levels are known to already be elevated in 

children and adolescents with DS (Mehta et al., 2007). Future exercise protocols 

examining BDNF levels will need to account for this unique trend within population with 

DS.  

Examining individuals with metabolic syndrome in studies may act as a proxy to 

enhance our comprehension of exercise-induced anti-inflammatory effects in those with 

DS; nevertheless, further research is essential to validate this connection. Individuals with 
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metabolic syndrome undergoing eight weeks of interval training combined with curcumin 

consumption had significantly reduced inflammatory factors and increased BDNF 

expression (Avansar, 2017). A meta-analysis also illustrated the effects of exercise on 

BDNF (Szuhany et al., 2015). This consistency underscores the therapeutic potential of 

exercise interventions on neuroinflammation.  

Studies have shown that BDNF can be increased in an exercise-dependent manner 

in both older individuals with MCI and healthy younger adults particularly with high-

intensity interval training (HIIT) (Coetsee & Terblanche, 2017; Robinson et al., 2018). 

Research sufficiently demonstrates a single bout of exercise can increase BDNF secretion 

from the brain (Rasmussen et al., 2009), in addition to still being continually released 

after three months of endurance training (Seifert et al., 2010).  

In a study examining BDNF levels, physical activity was moderately correlated 

with plasma BDNF, and acute aerobic exercise significantly increased plasma BDNF in 

late onset AD patients (Coelho et al., 2014). In lengthened studies, plasma BDNF 

significantly increased over four months of aerobic training in the MCI group compared 

to the control group (Nascimento et al., 2014). In a six-month intervention with amnestic 

MCI participants, aerobic exercise increased plasma BDNF levels in men but not in 

women compared to the control group. One year of moderately intense aerobic exercise 

was shown to increase the hippocampal volume and the plasma concentration of BDNF 

in older healthy subjects (Erickson et al., 2011).  

Conversely, in another six-month intervention with vascular cognitive 

impairment, participants reported BDNF improvements but increased in women while 
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decreased in men (Barha et al., 2017). One year of moderately intense aerobic exercise 

was shown to improve the volume of the hippocampus and the plasma concentration of 

BDNF in elderly general population patients with AD (Coelho et al., 2014). Future 

research may be assisted by the notion that BDNF expression is dose-dependent; the 

duration and intensity of exercise affect the BDNF response level (Szuhany et al., 2015).  

The evidence for the effects of exercise varies widely across the biomarkers 

measured, suggesting exercise affects multiple physiological systems and with differing 

impacts. The changes associated with biomarkers such as BDNF for individuals with 

AD/MCI supports the notion of physical activity promoting brain health. Further 

investigations are required to identify appropriate protocols for AD-DS. 

It should be acknowledged that BDNF released by human skeletal muscle in 

response to exercise remains localized to the muscle cells. Therefore, muscle-derived 

BDNF is not released into circulation (Matthews et al., 2009). This suggests that 

neuroinflammatory improvements are either due to BDNF directly released in the brain 

or an indirect muscle-BDNF axis (Nay et al., 2021). With the ease of modifying BDNF 

via exercise, research is needed to elucidate changes in the neuroinflammatory-BDNF 

axis in AD-DS.  
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Figure 2. Summary of BDNF and Related Pathways. Homeostatic biomolecules 

including growth factors and neurotrophins have secondary effects on 

neuroinflammation. Additionally, diet- and exercise-mediated molecules such as irisin 

and ketone bodies can augment neuroinflammation (Valenzuela et al., 2020). 

Ketone Bodies Anti-neuroinflammatory Effects 

Ketone bodies, namely β-hydroxybutyrate and acetoacetate, are produced during 

prolonged exercise and utilized by muscle during exercise (Féry & Balasse, 1986, 1988). 

Ketone bodies released into the bloodstream traverse the blood-brain barrier and initiate 

BDNF production (Sleiman et al., 2016). Even with sufficient glucose supply, which 

would normally inhibit ketogenic pathways, this holds true (Hu et al., 2018). This 

discovery is intriguing as it establishes a link between ketone bodies and the anti-

neuroinflammatory properties of BDNF.  
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In a neuroimaging study, the induction of ketosis in both ketogenic diet and 

ketone supplementation scenarios can foster greater stability within brain networks, 

promoting brain activity and cognitive acuity (Mujica-Parodi et al., 2020). This provides 

further evidence to the neuroprotective influence of exercise-induced ketone production. 

However, these findings may be tempered by the heightened prevalence of diabetes in 

individuals with DS, manifesting with sustained hyperinsulinemia that has the potential to 

impede glucagon-mediated ketogenesis (Alberti et al., 1978).  

Myokines and Muscle Organ Crosstalk 

Lactate is proposed to be examined in a future AD studies study as a potential 

biomarker because it is well documented as a mediator of the signaling pathways of 

BDNF expression that are responsible for anti-neuroinflammation (Green et al., 2021; 

Valenzuela et al., 2020). Myokines cathepsin B (CTSB) and irisin are also potential 

exercise-induced mediators of BDNF (Moon et al., 2016; Wrann et al., 2013). Irisin may 

mediate signaling between skeletal muscle and the brain and, therefore, may in part be 

responsible for exercise benefits in the brain.  

PGC-1alpha is also involved with BDNF signaling and is shown to be an 

exercise-induced regulator of kynurenine’s ability to cross the blood-brain barrier (BBB) 

and induce neuroinflammation (Irrcher et al., 2003; Cervenka et al., 2017; Agudelo et al., 

2014). Dysregulation of the kynurenine pathway promotes neuroinflammation which can 

be converted into a metabolite unable to cross the BBB through exercise; this process can 

be plausibly examined in the domain of AD research (Agudelo et al., 2014; Cervenka et 

al., 2017; Mithaiwala et al., 2021; Valente-Silva & Ruas, 2017).  
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Cytokines and Acute-Phase Proteins 

Exercise training has shown to improve inflammatory biomarkers in individuals 

with metabolic syndrome, including TNF-α, CRP, IL-8, and IL-10; resistance exercise 

may be optimal for these individuals (Alizaei Yousefabadi et al., 2021). Since metabolic 

syndrome is frequently seen in individuals with DS, neuroinflammatory improvements 

may occur with exercise intervention in this population.  

IL-6, a proinflammatory cytokine implicated in late onset AD pathogenesis 

(Cojocaru et al., 2011), correlates with severity of dementia in AD-DS (Kálmán et al., 

1997). It has been significantly reduced in response to aerobic exercise in several studies 

on AD patients within the general population. These studies also demonstrated a 

reduction of plasma and serum TNF‐α (Abd El-Kader & Al-Jiffri, 2016; Nascimento et 

al., 2014).  

Previously described as a proinflammatory cytokine affecting several 

neuropathologies (Rothaug et al., 2016), IL-6 is produced by contracting muscles and 

released into the blood (Pedersen & Fischer, 2007). New research shows that IL-6 may 

play a role in inducing a systemic anti-inflammatory response to exercise, designating it a 

myokine (Muñoz-Cánoves et al., 2013; Pedersen & Fischer, 2007). Increased IL-6 

concentration in plasma is followed by increases in well-known anti-inflammatory 

cytokines such as IL-1ra and IL-10 (Ostrowski et al., 1999, 2000). IL-6 likely may be 

able to cross the BBB (Banks et al., 1994). The trans-signaling properties of IL-6 allow it 

to function as proinflammatory or anti-inflammatory depending on the signaling mode 
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(Scheller et al., 2011). This multifaceted characterization makes IL-6 both a target and 

biomarker. 

Aβ 

Returning to neuroimaging, the literature points toward exercise being a 

nonpharmacological treatment for AD pathology because it may reduce common AD 

biomarkers such as Aβ load (Tokgöz & Claassen, 2021). Studies in people with DS have 

linked moderate-to-vigorous physical activity effects to shifting hallmark AD 

neuroimaging markers (Fleming et al., 2021; Peven et al., 2022).  

Besides being recognized as one of the hallmark biomarkers associated with AD, 

Aβ is correlated to the trajectory of neuroinflammation (Ismail et al., 2020). A controlled 

trial with MCI patients found that the mean plasma levels of Aβ42 decreased in the 

aerobic exercise group while increasing in the control group (Baker et al., 2010). 

Although not statistically significant, another four-month high intensity exercise 

intervention showed decreases in the Aβ42/Aβ40 ratio in a mixed group of MCI and 

cognitively healthy participants (Baker et al., 2012). In older adults with MCI, CSF 

phosphorylated tau significantly fell after six months of aerobic exercise (Baker et al., 

2015).  

Although previously only supported with transgenic mice models, newer studies 

reflect that exercise provides an abundance of research points on neuroinflammatory 

processes. The effects of exercise vary widely across the biomarkers measured, 

suggesting exercise both affects multiple physiological systems and with different 
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impact. This is critical for people with DS because neuroinflammation may result from 

multiple sources. 

Within the hallmark AD biomarkers, exercise has been shown to have substantial 

effects. Physical activity meeting the guidelines designated by the American Heart 

Association has been shown to reduce the levels of AD-associated biomarkers 

neurotypical adults, including amyloid measured in the brain by positron emission 

tomography PET scans using Pittsburgh compound-B (PiB) and levels of phosphorylated 

tau in the cerebrospinal fluid (CSF) of cognitively normal older adults (Liang et al., 

2010).  

Complement Dysregulation 

The role of exercise in anti-inflammation has been demonstrated in the general 

population with increases in the chaperone protein, clusterin, and reductions of the 

complement immune pathway in response to long-term training (De Miguel et al., 2021). 

Clusterin is seen to accumulate with Aβ lesions; the chaperone protein is proposed to 

affect the Aβ aggregation and neuroinflammatory processes (Fareed et al., 2022).  

Anomalies of the complement system in DS is potentially indicative of a state of 

immune dysregulation. This suggests the utility of clusterin as a measure for identifying 

inflammatory events in individuals with DS. Within this population, the disparities in 

complement biomarkers between those with and without clinical AD may offer 

diagnostic and predictive value (Veteleanu et al., 2023). 
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Figure 3. Junction of immune and neural pathways involved in neuroinflammation. 

Numerous pathways play roles against neuroinflammation. These pathways range from 

immune-based to nucleic acids. (Zhao, 2024). 

Membrane-spanning Pattern Recognition Proteins 

Toll-like receptor-8 (TLR)-8 expression is correlated to aggravated 

neuroinflammation (Brea et al., 2011) and CNS pathologies (Buchanan et al., 2010). 

Several microRNAs (miRNAs), including miRNA-21 and miRNA-155 have a role in 

regulating TLR signaling and inflammation and were upregulated in TLR-associated 

inflammatory conditions (O’Connell et al., 2007; Sheedy et al., 2010). Preclinical 

development of a miRNA-155 antagonist is underway to treat neuroinflammation (Gao et 

al., 2017), displaying the opportunity that TLR pathways may pose for future research.  
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Both acute aerobic and chronic resistance exercise decreased monocyte cell-

surface expression of TLRs (Lancaster et al., 2005; Simpson et al., 2009; Stewart et al., 

2005). The exercise-induced regulation of TLR expression may mediate these anti-

inflammatory effects (Collao et al., 2020), and over the long term, reduce whole-body 

chronic inflammation (Gleeson et al., 2006). TLRs participate in the inflammatory 

response of AD pathology (Landreth & Reed-Geaghan, 2009; Minoretti et al., 2006; 

Walter et al., 2007) and future research is needed to identify if these systemic effects of 

exercise can be observed in the brain. 

Exercise Eliciting a Systemic Pro- or Anti-inflammatory Response 

In humans, acute, unaccustomed exercise can increase oxidative stress thus acting 

as a proinflammatory stimulus (Powers et al., 2011; K. Suzuki, 2018), however, this 

response is attenuated when exercise is performed regularly and may upregulate an 

endogenous systemic anti-inflammatory response (McGeer & McGeer, 1995). Extensive 

cohort studies on elderly neurotypical adults indicate that higher physical activity levels 

are inversely associated with inflammatory biomarkers, for instance, C-reactive protein 

(CRP) (Geffken et al., 2001; Wannamethee et al., 2002). Meta-analytical evidence 

suggests that regular physical exercise can reduce inflammation-related biomarkers (e.g., 

CRP, TNF-α) in healthy middle-aged and older adults (Monteiro-Junior et al., 2018; 

Sobol et al., 2016) along with individuals with cognitive impairment (Nascimento et al., 

2014).  

Exercise is universally regarded as beneficial, but scrutiny must be given to assess 

the safety, weigh the cognitive benefit, and pair or contrast exercise with standard drug 
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treatments for late onset AD (Ströhle et al., 2015). Special considerations such as these 

criteria have begun; in a study comparing the effects of exercise to the effects of 

cholinesterase inhibitors and memantine, exercise had a more substantial pooled effect 

than the medications for late onset AD (Hoffmann et al., 2016). A systematic review with 

meta-analysis found six randomized controlled exercise trials that demonstrated a 

decreased rate of cognitive decline and positive impact on cognitive function in AD 

patients (Farina et al., 2014).  

DISCUSSION 

Interpretive Summary 

Exercise holds promise as a non-pharmacological intervention for AD, with 

potential benefits extending to individuals with DS. The evidence that exercise mitigates 

oxidative stress in people with DS and its potential in unexamined territories including 

mitochondrial function and neuroinflammation underscores the need for comprehensive 

exercise studies. Furthermore, there exists a paucity of longitudinal exercise studies in 

this population. Biomarkers well-suited for future clinical trials can contribute to a deeper 

understanding of the role of exercise in preventing or ameliorating AD.  

To support neuroimaging exercise studies, there exists an urgent call for blood-

based biomarker explorations into exercise-induced neurotrophic factors and signaling 

pathways aimed at mitigating neuroinflammation.  

Mitochondrial dysfunction either resulting from or contributing to AD pathology 

is an overlooked path in research. There are modifiable protein products of mitochondrial 

function genes. These are of great significance because numerous mitochondrial and 
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oxidative phosphorylation genes are disrupted due to trisomy 21. Additionally, 

mitochondrial biogenesis pathway analysis using exercise interventions could lead to 

breakthroughs in conjunctive AD drug therapies. 

Finally, current research predominantly revolves around oxidative stress 

biomarkers in individuals with DS. To broaden this area of research, we consider novel 

avenues for investigating exercise responses, such as lipidomics or analyzing microRNAs 

and oxidized nucleic acids. Data from future trials could optimize exercise prescriptions 

by quantifying ideal duration, frequency, and intensity, thus paving the way for 

comprehension of exercise-induced neuroprotective mechanisms in people with DS.  

With the framework presented and ongoing research already being conducted, 

parallels should begin to be drawn between AD research and the advances of the last half 

century in cardiac biomarkers that became components of diagnosis, intervention and 

treatment. As people with DS are susceptible to both cardiac and neurological conditions, 

there is room for major breakthroughs in the neurological aspects for this population. 

With these advances, the general population will benefit as well.  
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Figure 4. Summary of Framework for Future Research. The susceptibility of people 

with DS to AD necessitates medical research based in exercise science due to the ease of 

intervention. Exercise studies can fine tune the physical activity type, dose, and 

frequency in addition to providing insights about the underlying molecular pathways that 

may lead to greater understanding of AD pathology (Valenzuela et al., 2020). 
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Future Approaches for Exercise Trials 

Neuroimmune Cell Roles on Exercise-Mediated Processes 

Immune modulation is known to play a role in learning and memory (Yirmiya & 

Goshen, 2011) and this has already been viewed in the field from an exercise perspective 

(Loprinzi, 2019). The link between glial and astrocyte roles on the responsiveness of 

neurons to inflammatory cytokines such as IL-1, Il-6, and TNF-α and molecules 

including prostaglandins and neurotrophins requires investigation in physical activity 

trials in people with DS. 

Changes in the Brain Insulin Pathway Induced by Exercise 

With the observed differences in age-dependent glucose hypometabolism or 

hypermetabolism in DS, exercise poses itself as a useful interventional tool. Within the 

general population, six months of training has been shown to improve cognitive function 

and insulin sensitivity in older glucose-intolerant adults in a small randomized controlled 

trial (Lautenschlager et al., 2008).  

With parallels frequently drawn between AD pathology and insulin dysregulation, 

larger-scale studies and further examination is needed to determine if the aforementioned 

results are due to shifts in the periphery, the brain, or a combination of the two. The 

extension of this research to the unique glucose metabolic trajectory in DS 

neuropathology can give further credence toward the hypothesis of compensatory 

mechanisms that may underly DS hypermetabolism (Head et al., 2007).  
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Unique Opportunities at Discrete Age Ranges 

Different age groups may have superior responses to specific types of training. 

This may be due to perceived benefit from the style of exercise. However, it is also likely 

that exercise protocols will produce differential effects on biomarkers depending on the 

age group studied. This will exclusively result from the metabolic condition that changes 

over the lifetime of an individual with DS as part of the typical accelerated aging, 

metabolic changes, and degree of neuropathological progression (Alaama et al., 2015). 

For instance, exercise protocols that induce greater anti-neuroinflammatory effects may 

suit younger individuals as ROS, and concurrent oxidizing processes of DS are already 

proceeding at youth.  

As a second example, physical activity that activates neurotrophin or clusterin 

expression may be best for young adults with DS to potentially augment amyloid 

accumulation that starts at this age range. Future trials should identify the most age-

appropriate interventions for the population with DS regarding physiological and 

behavioral divergences.  

Age-Specific Longitudinal Exercise Studies 

Longitudinal studies that track the progression of a group of individuals from one 

age range to the next may provide distinct results. An exercise protocol that trains 

individuals with DS for greater confidence in physical ability, psychological attachment 

to an activity, and physiological gains that bleed into their next phase of life may equip 

these participants for enhanced results. Proprioceptive and balance-demanding activities 
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that enhance motor development and strength in youth, for example, may elevate the 

potential for changes in exercise-induced biomarkers years later. Conversely, a typical 

trend among novice exercisers in the general population is that they are subject to 

substantial fitness gains after commencing a new training routine, while experienced 

athletes lack this (Coffey & Hawley, 2017).  

Whether this athletic priming that negates quick improvements exists in DS has 

not yet been studied. Future trials can answer this question while focusing on identifying 

potential amplification of the biomarkers that indicate staving off pathological oxidative, 

mitochondrial, or inflammatory processes. This may be especially beneficial for older 

participants, as preceding strength and flexibility training in their middle-ages can 

provide confidence in physical ability and longevity of motor independence.  

Exercise research on individuals with DS over the age of 40 is lacking. Studies of 

ultra-endurance activities have shown that interesting endurance improvements may 

occur over the age of 40 in the general population (Lepers et al., 2013; Lepers & Stapley, 

2016). A deeper endurance understanding in the population with DS may translate better 

AD-DS exercise protocols in older individuals. Allowing a more significant number of 

older individuals with DS to participate in robust exercise studies safely can be beneficial 

to the field. 

Circumventing Abnormal Sympathovagal Imbalance in DS 

The population with DS is subject to abnormal catecholamine response and 

sympathovagal imbalance, leading to lower exercise capacity. This, in part, may explain 
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the sedentary lifestyle often seen in the population with DS. Additionally, this imbalance 

may reduce long-term adherence to physical activity; this could be an obstacle for 

longitudinal studies.  

Studies have indicated that exercise training can improve this dysfunction in 

people with DS by increasing parasympathetic modulation (Giagkoudaki et al., 2010). 

Therefore, the solution to this physiological issue lies with exercise itself to overcome the 

naturally diminished capacity. Both strength and endurance training are known to 

enhance the ability of the brain and body to work for extended periods (Aagaard & 

Andersen, 2010; Hughes et al., 2018).  

Exercise interventions must account for ways to circumvent this obstacle. This 

may enrich the health of the population with DS as a whole and yield more consistent 

results by avoiding participant attrition for each workout session and over the course of 

entire studies. 

Endurance Training 

It has been suggested that endurance training may directly affect the brain more 

than other types of training though animal studies (Lan et al., 2018; Nokia et al., 2016). It 

is known that endurance activity increases vascularization in muscles with the generation 

of capillary beds (Shono et al., 2002). This coincides with subcellular modifications, 

including increases in the mitochondrial count and oxygenation efficiency; alterations in 

cerebral structure have also been identified (Colcombe et al., 2003, 2006). In comparison, 

cognitive improvements from exercise training are thought to be associated with changes 
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in cerebral blood flow (Endres et al., 2003; Sawyer et al., 2014; Swain et al., 2003). 

Although cerebral circulation modification may be a potential explanation for 

improvements of brain health for cognitively normal individuals who perform endurance 

training, enhanced vascular health alone cannot overcome amyloid and tau pathologies. 

Therefore, the neurotrophic stimulation pathway must be further examined with rigid 

protocols for quantifying results in the population with DS.  

High-Intensity Training Modalities  

There are numerous anaerobic workouts, with the HIIT method being a popular 

example with short bursts of high intensity, and occasionally, the extreme nature of 

regimen. Microdialysis trials on acute exercise in animals have demonstrated 

neurotransmitter increases in the brainstem and hypothalamus (Meeusen et al., 2001). In 

contrast, chronic exercise shows different regional pattern (Meeusen et al., 1997). In 

general, exercise-induced catecholamine turnover in the brain is supported in animal and 

human studies (Dienstbier, 1989; McMorris et al., 2009). 

Greater challenge and exertion are correlated with increased catecholamine levels 

(Tomporowski, 1997). In one study, the most prominent acute increase of catecholamines 

was found to coincide with the greatest BDNF release resulting from intense sprint 

training (Winter et al., 2007). Longitudinal trials focused on anti-neuroinflammation can 

examine if this short-term BDNF response consistently remains as sharp with high-

intensity anaerobic activity.  
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Lactate may augment BDNF expression and blood lactate concentrations are 

correlated with perceived exertion levels during physical activity (Borg et al., 1987). 

These findings together serve as an indicator that physical effort might correspond with 

the level of BDNF-mediated reduction of inflammation. Also, it is feasible that the 

variation of catecholamine release may modify this neurotrophin response. Deeper 

investigations into high-intensity training can inform exercise protocols seeking to 

achieve the most potent anti-inflammatory response in the population with DS.  

The Muscle-Brain Connection on Anti-Inflammatory Pathways 

The myokines irisin and kynurenine, and a principal metabolic byproduct, lactate, 

participate in a muscle-brain axis that reduces inflammation by playing a role in the 

BDNF secretory pathway. With the fact that several exercise-induced molecules which 

are produced peripherally can cross the BBB, further investigation is needed to evaluate 

their influence on AD pathological processes.  

Since muscle tissue is the facilitator of these pathways, trials could assess if 

increased muscle mass in the short-term or enhanced muscular endurance via 

mitochondrial and vasculature remodeling can boost these anti-inflammatory effects in 

the longer term. This is a critical issue; endurance training is known to reduce muscle 

mass (Knechtle & Nikolaidis, 2018; Lebus et al., 2010). If lower levels of inflammation 

can be yielded with increases of muscle tissue or hypertrophy, then training protocols 

should reflect this. 
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Significant Differences Within Modalities 

In addition to the contrast between endurance and resistance training, specific 

routines within these modalities should be scrutinized. Exercise knowledge can inform 

efficient and safe routines for individuals with DS. Individuals in this population 

commonly have physical characteristics such as hyperflexibility and reduced muscle 

tone. Quantified examination and proof-of-concept trials have not yet been done to 

determine exercise effectiveness for the common DS body type.  

Much scientific effort has poured into finding the optimum activity for weight 

loss, muscle toning, endurance, and elite athletic performance in the general population. 

Similarly, precise crafting and standardization should be undertaken for neuropathology 

studies attempting to elicit an accurate change in oxidant state, mitochondria, or 

inflammation in AD or AD-DS confines. 

Within resistance training, there lies a range of schemes such as powerlifting, 

functional training, or hypertrophy training with documented variations in physiological 

outcomes. Additionally, crossovers between resistance and endurance such as rowing, or 

circuit training should be considered in future trials. For endurance training, there are 

major differences in terms of body composition, immune system, and inflammatory 

marker responses such as among walking, jogging, sprinting, skating, cycling, swimming, 

and long-distance running (H. Carter et al., 2000; King et al., 2003; Liberman et al., 

2017; Nieman et al., 2014; Snyder et al., 1993).  

Even without regarding the personal preference that participants may have for an 

activity, a priority in designing trials must be the feasibility for scientific inquiry 
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depending on the exercise modality and the appreciable potential for AD-DS biomarker 

outcomes. Additionally, it is essential to consider that oxidative stress and inflammatory 

biomarkers vary considerably in healthy populations. 

Group Training 

Just as compound weightlifting exercises cause entirely different systemic, 

hormonal, and fitness changes compared to isolated muscle exercises, fitness routines 

that are practiced in a group setting will have different results than individual activities. 

Stress reducing effects have been reported in a group workout setting (Stults-

Kolehmainen & Sinha, 2014). There are also psychological and neuroscience data that 

explain better performance in team settings resulting from interpersonal synchrony, 

enhanced social connection, and changes in pain perception (Bingel et al., 2011; 

Eisenberger et al., 2011; Miles et al., 2010).  

Group training can be a uniquely effective exercise method for individuals with 

DS. The synergistic impact of group training, be it through family or a group of friends, 

may elevate overall physical activity levels. This is evident in research revealing no 

significant difference in exercise levels among siblings comprised of at least one 

individual with DS (Whitt-Glover et al., 2006). This is noteworthy given that individuals 

with DS are predisposed to suboptimal activity levels (Phillips & Holland, 2011). 

Tailoring physical activity routines to individuals with DS, particularly through group 

training, can be advantageous in addressing physiological and motivational challenges in 

order to elicit maximal changes in AD markers. 
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One example of strength changes in young adults with DS suggests Taekwondo, 

typically practiced in a group fashion, leads to physical function and independence 

benefits (K. Carter & Horvat, 2016). Another group activity, soccer, provided motor and 

psychosocial improvements compared to the control group (Perić et al., 2022). The DSFit 

pilot study examined the feasibility of a customized exercise program for this population 

with positive implications (Hojlo et al., 2022).  

Maintaining an active lifestyle in individuals with DS may have positive 

outcomes in their daily lives (Chen et al., 2014). Therefore, the motivational and social 

aspects of group training may enhance long-term adherence to exercise regimens and the 

benefits of exercise itself. These findings emphasize the need for examining various 

group training regimens within methodical biomarker protocols for AD in individuals 

with DS (AD-DS).  

Given the importance of supervision, emotional support, and exercise satisfaction 

to protocol adherence in the neurotypical population (Firth et al., 2018; Fleig et al., 2011; 

Jordan et al., 2010), the benefits of group or team-based exercise merits more study in the 

population with DS. A Judo trial in DS produced interesting preliminary results and 

warrants further exploration (Aguiar et al., 2008). The intersection of neuropsychology 

and exercise leads to the notion of considering differences in the competitiveness, social 

components, and performance elements of physical activities, which may cause 

measurable changes in biomarker responses, or crucially, promote longitudinal 

adherence. 
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Facilitating Exercise Studies in Adults with DS 

The current research describing the effects of exercise on neuropathology is 

encouraging. With the myriad of biomarkers available to yield data, consistent results 

across future trials can be obtained through rigorously designed randomized controlled 

trials. We propose a multidisciplinary approach to investigating the role of exercise, 

beginning with a proof of concept to determine the dose of exercise for people with DS. 

This includes precise exercise modality, intensity, duration, frequency, and environment.  

The physical activity parameters must be treated as a prescription, and due to the 

inherent variability of each workout, must be designed with standards to promote 

quantifiable results. The type of physical activity is critical to consider as individuals with 

DS have high attrition with exercise programs (Aleksander-Szymanowicz et al., 2014; 

Eberhard et al., 1997; Jobling et al., 2006). Adherence to the program can be increased by 

utilizing interactive workout programs.  

Difficulty with Methodological Rigor  

Exercise protocols should be standardized with the same rigor as pharmacological 

treatments. Yet, it is challenging to quantify facets of exercise. For instance, the effort 

given in weightlifting can only be partially quantified by the number of repetitions 

completed; this measure lacks full insight into the exertion level of the participant. 

Achieving consistency with an outwardly subjective measure, such as exertion, can be 

done by favoring the upper boundaries of this measure. This contrasts with attempting to 
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standardize a 50% or 80% maximal repetition effort in an exercise protocol, which are 

common parameters in weightlifting and running regimens.  

Yet, monitoring and enforcing exertion toward the upper bounds through human 

raters or digital feedback is impractical, especially with larger trials. As previously 

described, an increased effort of an exercise may neurologically strengthen anti-

inflammatory responses in the short-term. This issue could be mitigated, for example, by 

using weights appropriate to each participant’s baseline strength level or establishing 

baseline cardiovascular stamina to ensure the exertion is standard among participants. If 

omics-level precision of outcome measures is to be employed with AD-DS biomarker 

studies, the dose of exercise must be tightly controlled. 

Standardization of Exercise Dosage Through Urgency in Training 

Emerging concepts at the intersection of neuroscience and exercise physiology 

can lessen the difficulties of these trials and improve the potential to attain outcome 

measures. A way to close in on reaching the safe limits of effort can be through utilizing 

natural forces. Gravity provides a common challenge to humans, and maintaining 

equilibrium is a constant subconscious battle. The repercussions for not maximizing 

focus and stabilization are dire and unmistakable in sports such as surfing or gymnastics. 

In these high-stakes sports, rapid cerebellar adaptions in movement are required to adapt 

the body position seamlessly.  

The physical demands likely increase catecholamine release in the brain and 

objectively requires greater muscle recruitment. This higher exertion has neurological 
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implications, possibly affecting the BDNF pathway, mitochondrial signaling or 

remodeling, or changes within oxidant conditions. Consistently responding to novel or 

consistently strong physical stressors may provide more precise results in a longitudinal 

trial.  

The principles of intense sports can be extrapolated to exercise trials for 

individuals with DS, which do not necessitate such dire circumstances. For the average 

exerciser performing novel activities, such as a child learning to ride a bicycle or an adult 

learning to surf, the challenge of stability is brought to conscious awareness. Therefore, 

instead of stationary cycling, for example, researchers should exploit the minor urgency 

present in outdoor cycling that will motivate participants toward maximal effort and 

increase autonomic arousal.  

An even safer instance to be utilized in exercise in DS trials may include activities 

like dance in a facility with cushioned floors. The proprioceptive feedback task is still 

imposed upon all participants, with maximized intrinsic exertion and less risk of injury or 

fear.  

Strict regulation of exercise has not been accomplished across exercise in DS 

studies, and physiological changes can be measured to confirm optimization of workouts, 

including blood pressure, VO2 max, and body fat changes. These may serve as surrogate 

markers for rating the level of physical activity, as there are other subjective variables 

like the expertise of the exercise instructor. With the introduction of tight regulation on 

the exercise dosage, future trials could be run with concomitant treatments to study 

synergistic changes on AD biomarkers.  
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Martial Arts and Elements for a Successful Exercise Protocol 

Martial arts styles often consist of a mix of mobility, flexibility, and practicality. 

The training of martial arts is somewhat akin to sports like American football, in which 

drills are frequently practiced, with the goal of enhancing a primary high-performance 

activity. In martial arts, drills include kicking and striking padded standing equipment or 

held by an instructor. The practice of maneuvers with partners also takes place. Classes 

typically take place on padded floormats. The coaching seen in most sports is also a 

primary component of martial arts, in which the instructor guides students in safely 

enhancing techniques. 

The main activity in American football is the gameplay; in martial arts, it is either 

sparring or form performance. Sparring is typically a combative match between two 

participants comprising footwork, blocks, and strikes. Due to the competitive nature, the 

sparring opponent will force the participant to perform combinations of these movements. 

The consequences for failing to mitigate the opponent’s advances results in the opponent 

striking or gaining a dominant position; this creates a sense of urgency.  

Additionally, prediction and strategy become important tactics in advanced 

sparring. Form performance is a non-contact, individual or synchronized team 

demonstration of the above-mentioned movements. Urgency in movement to promote 

elevated levels of exertion can be coached by the instructor. Well-run martial arts 

programs consistently demand cognition, coordination, strength, and balance across 

training and performance.  
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Additionally, martial arts classes are generally organized in group settings. 

Training in groups may help in individuals with DS to overcome reduced exercise 

capacity through mental benefits as supported by evidence in the general population 

(Irwin et al., 2012; Wing & Jeffery, 1999). The social connections formed among 

practitioners also raise the interactivity in each class. It is also common for participants in 

the general population to train for years, and some individuals train for a majority of their 

lifetime.  

The belt-rank system that most martial arts styles utilize may enhance long-term 

participation and combat the high rate of physical attrition rates observed in the 

population with DS. The stepwise goals that martial arts offers often range from white 

belt to black belt; each goal achieved leads to another more impactful and meaningful 

purpose. This intrinsic goal setting and reward element are unique to martial arts in 

comparison to other amateur sports. 

The fact that practitioners enjoy the freedom to participate in riskier combative 

matches or the non-impact—yet still competitive—form performances may make martial 

arts appropriate for individuals with DS. The facilitation of exercise studies in this 

population can be modified to mostly include only the low-impact aspects of martial arts 

to avert major adverse events. Protocols that capture the valuable elements of martial arts 

across urgency in training, a goal-oriented and positive social environment, and safety 

aspects may prove highly rewarding to researchers studying exercise in the population 

with DS. 
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The Next Steps Linking Biomarkers and Exercise in People with DS 

Aβ and tau approaches have clinically failed as effective therapeutic strategies; 

new routes must be taken. Neuroimaging of hallmark biomarkers such as AB, tau, and 

cortical matter in combination with examining the more recent classes of biomarkers pose 

a strategy. This can include the AB clearance pathways, anti-neuroinflammation induced 

by muscle or peripheral tissue, increases of innate antioxidants, mitophagy, and 

neurotrophins.  

Exercise studies can additionally search to identify additional biomarkers. Some 

of these unidentified biomarkers may be therapeutic targets. Immunotherapeutic 

approaches in physical activity trials are also lacking research. Further trials to advance 

the field toward personalized solutions can enhance the potential for precision medicine. 

The cure for AD may require a combination of treatments targeting multiple pathways. 

Therefore, exercise-based omics approaches that span single molecules to pathway 

signatures can non-pharmacologically supply a systems biology-based approach to fight 

AD and enhance the health of the population with DS. 

CONCLUSION 

The curative approach to AD is unknown; however, it may involve a combination 

of treatments (Fessel, 2023). Therefore, the synergistic effects of combining exercise 

interventions with pharmacological therapies represent an additional gap that may yield 

novel strategies. Studying the hormetic effects of exercise can illuminate the underlying 

mechanisms that may lead to new interventions to forestall or cure pathophysiology. 



 

53 

 

Mechanistic understandings resulting from exercise studies may also inform advanced 

treatments on the horizon, such as precision medicine and omics-based strategies.  

Combined measures of biomarkers such as Aβ and inflammatory molecules are 

strong predictors of prospective cognitive deterioration. Therefore, incorporating 

combinations of newly identified pathways that may mediate anti-inflammation, 

mitochondrial salvaging, and antioxidation are vital in this developing field. Studies 

within this framework serve as the foundation for future exercise-related studies in the 

population with DS, drawing upon AD-relevant biomarkers and biochemical mechanisms 

underlying the benefits of exercise. In this context, we must continue to investigate 

primary and secondary prevention avenues in people at the highest risk of AD. An 

avenue with great promise for primary and secondary prevention and symptomatic 

treatment is exercise. 
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