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Background: An abundance of evidence indicates that physical activity may protect against Alzheimer’s disease (AD) and related cognitive decline. However, little is known about the association between physical activity and AD-related cognitive decline according to age and the apolipoprotein E (APOE) ε4 allele (APOE4) as major risk factors. Therefore, we examined whether age and APOE4 status modulate the effects of physical activity on episodic memory as AD-related cognition in non-demented older adults.

Methods: We enrolled 196 adults aged between 65 and 90 years, with no dementia. All participants underwent comprehensive clinical assessments including physical activity evaluation and APOE genotyping. The AD-related cognitive domain was assessed by the episodic memory, as the earliest cognitive change in AD, and non-memory cognition for comparative purposes. Overall cognition was assessed by the total score (TS) of the Consortium to Establish a Registry for Alzheimer’s Disease neuropsychological battery.

Results: We found significant physical activity × age and physical activity × APOE4 interaction effects on episodic memory. Subgroup analyses indicated that an association between physical activity and increased episodic memory was apparent only in subjects aged > 70 years, and in APOE4-positive subjects.

Conclusion: Our findings suggest that physical activity has beneficial effects on episodic memory, as an AD-related cognitive domain, in individuals aged > 70 years and in APOE4-positive individuals. Physicians should take age and APOE4 status account into when recommending physical activity to prevent AD-related cognitive decline.
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Key points


Question


•Is physical activity associated with reduced Alzheimer’s disease (AD)-related cognitive dysfunction in humans? Is such an effect influenced by age or apolipoprotein E (APOE) ε4 allele (APOE4) status, which are the strongest risk factors for AD?





Findings


•In this study of 196 non-demented older adults, physical activity was positively associated with episodic memory, as the earliest cognitive change in AD, but not with non-memory cognition. The benefits of physical activity on episodic memory were apparent only in older adults > 70 years and in APOE4-positive individuals.





Meaning


•Physical activity in non-demented adults had a beneficial effect on episodic memory, as an AD-related cognitive domain, in individuals aged > 70 years and in APOE4-positive individuals. Physicians should take age and APOE4 status account into when recommending physical activity to prevent AD-related cognitive decline.






Introduction

Alzheimer’s disease (AD) is the most common progressive neurodegenerative disease among old adults. It is characterized by two core pathologies: extracellular aggregates of beta-amyloid peptide (Aβ) and intracellular aggregates of hyperphosphorylated tau proteins (Hardy and Selkoe, 2002). Due to the lack of effective drugs, promising evidence-based modifiable lifestyle approaches such as physical activity are emerging as alternatives to protection for AD. Accumulating evidence suggests a protective link between physical activity and AD or related cognitive dysfunction (Albert et al., 1995; Lautenschlager et al., 2008; Leyland et al., 2019; Ruiz-Muelle and López-Rodríguez, 2019; Jeon et al., 2020; Abasıyanık et al., 2021; Roeh et al., 2021; Sohn et al., 2022).

Age (Evans et al., 1989; Murman, 2015) and apolipoprotein E (APOE) ε4 allele (APOE4) (Yamazaki et al., 2019) are the strongest risk factors for biological and genetic AD, respectively. Physical activity may yield cognitive improvements (Colcombe and Kramer, 2003; Kramer and Colcombe, 2018) and lower dementia incidence (Heyn et al., 2004; Larson et al., 2006) in older adults without dementia. However, little is known about the association between physical activity and episodic memory decline, which is the earliest sign of AD-related cognitive change according to age and APOE4 as major risk factors for AD-related cognitive decline. Therefore, we examined whether age and APOE4 status modulate the effects of physical activity on episodic memory as AD-related cognition in non-demented older adults, as well as the protective effects of physical activity on episodic memory.



Materials and methods


Participants

This study was part of the General Lifestyle and AD (GLAD) study, an ongoing prospective cohort study that began in 2020 (Choe et al., 2022). As of September 2022, 196 non-demented adults aged 65–90 years were enrolled, including 113 cognitively normal (CN) adults and 83 with mild cognitive impairment (MCI). Participants were recruited among older adults who had attended a dementia screening program at the memory clinic of Hallym University Dongtan Sacred Heart Hospital, Hwaseong, Republic of Korea (Choe et al., 2022). Volunteers were invited for an eligibility assessment. Additional volunteers were recruited from the community through recommendations from other participants, family members, friends, or acquaintances. The CN group consisted of participants with a Clinical Dementia Rating (Morris, 1993) score of 0 and no diagnosis of MCI or dementia. All participants with MCI met the current consensus criteria for amnestic MCI, including memory complaints confirmed by an informant, objective memory impairment, preservation of global cognitive function, independence in functional activities, and the absence of dementia (Petersen, 2004). In the objective memory impairment assessment, the age-, education-, and sex-adjusted z-score was < –1.0 on at least one of four episodic memory tests in the Korean version of the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) neuropsychological battery: (Morris et al., 1989; Lee et al., 2002) word list memory, word list recall, word list recognition, and the constructional recall test (Morris et al., 1989; Lee et al., 2002, 2004; Choe et al., 2022). All individuals with MCI had a Clinical Dementia Rating score of 0.5 (Petersen, 2004). The exclusion criteria were major psychiatric illness, a significant neurological or medical condition or comorbidity that could affect mental functioning, illiteracy, visual/hearing difficulty, severe communication or behavioral problems that would make clinical examinations difficult, and the use of an investigational drug (Choe et al., 2022). The study protocol was approved by the Institutional Review Board of the Hallym University Dongtan Sacred Heart Hospital and the study was conducted it in accordance with the recommendations of the current version of the Declaration of Helsinki (Choe et al., 2022). The participants or their legal representatives provided informed consent.



Clinical assessments

All participants underwent standardized clinical assessments by trained psychiatrists, which incorporates the CERAD clinical and neuropsychological battery (Morris et al., 1989; Lee et al., 2002). Trained neuropsychologists administered the neuropsychological battery (Lee et al., 2004) to all participants. AD-related cognitive domain was measured in terms of the episodic memory, as the earliest cognitive change in AD, (Howieson et al., 1997; Grober et al., 2000; Laakso et al., 2000; Bäckman et al., 2001, 2005; Tromp et al., 2015), and non-memory cognition for comparative purposes. The episodic memory score was determined by summing the scores of four episodic memory tests (word list memory, word list recall, word list recognition, and constructional recall) in the CERAD neuropsychological battery. The non-memory score was calculated by summing the scores of three non-memory tests (verbal fluency, modified Boston naming test, and constructional praxis) in the CERAD neuropsychological battery. Overall cognition was also assessed in terms of the total score (TS) of the Consortium to Establish a Registry for Alzheimer’s Disease neuropsychological battery. TS was generated by summing the scores of seven tests in the CERAD neuropsychological battery (verbal fluency, modified Boston naming, word list memory, constructional praxis, word list recall, word list recognition, and constructional recall) (Seo et al., 2010).

We used the Geriatric Depression Scale (GDS) to measure the severity of depressive symptoms (Yesavage et al., 1982; Kim et al., 2008). Vascular risks such as hypertension, diabetes mellitus, dyslipidemia, coronary heart disease, transient ischemic attack, and stroke were assessed based on data collected by trained researchers during systematic interviews of the participants and their families. The vascular risk score (VRS) was calculated based on the number of vascular risk factors present and was reported as a percentage (DeCarli et al., 2004). Alcohol intake status (never/former/drinker) was also evaluated through trained researcher interviews and a medical record review. Dietary patterns (i.e., consumption of proteins, vegetables, fruits, salty foods, fatty foods, and fried foods; meal frequency; and inter-meal snacking) were systematically assessed using the mini-dietary assessment (Kim et al., 2003), which is a brief, valid nutritional evaluation tool for Korean populations (Jang et al., 2008). The accuracy of the data was ensured by interviewing reliable informants.



Assessment of physical activity

Physical activity was evaluated using the Korean-version of the Physical Activity Scale for the Elderly (PASE) (Washburn et al., 1993; Choe et al., 2010), which has sufficient reliability and validity. Trained researchers assessed the frequency, duration, and intensity of participants’ leisure, household, and occupational activities during the previous week. The test items were weighted and a PASE score was obtained by summing the PASE subscale scores for leisure, household, and occupational activities. A higher score indicated greater physical activity. Participants were divided into low (used as a reference category), medium, and high categories based on PASE score using tertiles.



Assessment of motor signs

Gait scores were derived based on the motor subscale of the Unified Parkinson’s Disease Rating Scale (UPDRS) (Movement Disorder Society Task Force on Rating Scales for Parkinson’s Disease, 2003) to determine the impact of physical activity on AD-related cognitive domains by excluding gait instability, which could be affected by preexisting brain diseases. Gait accounts for a significant proportion of physical activity because it is a complex motor movement that requires the coordination of all body parts (Park et al., 2012).



Blood test

After overnight fasting, blood samples were obtained from the subjects by venipuncture in the morning (8:00–9:00). Hemoglobin levels were determined using an automated hematologic analyzer (XN-3000; Sysmex, Kobe, Japan) and dedicated reagents. Albumin and glucose levels were measured using an analyzer (COBAS c702; Roche Diagnostics, Mannheim, Germany) and dedicated reagents. Copper and zinc levels were measured using an inductively coupled plasma-mass spectrometer (ELAN DRC-e; Perkin Elmer, Waltham, MA, USA).



APOE4 genotyping

Blood samples were collected in EDTA anticoagulated vacutainer tube. DNA was extracted using QIAamp DSP DNA Blood mini kit (QIAGEN, Hilden, Germany) and QIAcube HT System (QIAGEN, Hilden, Germany). APOE genotyping was performed using a Seeplex ApoE ACE Genotyping Kit (Seegene, Seoul, Republic of Korea) and ProFlex PCR system (ThermoFisher Scientific, Waltham, MA, USA) according to the manufacturer’s instruction. PCR product was analyzed using a capillary electrophoresis device (QIAxcel Advanced System, QIAGEN, Hilden, Germany), and interpreted as ε2/ε2, ε2/ε3, ε2/ε4, ε3/ε3, ε3/ε4, or ε4/ε4 according to the electrophoresis pattern and manufacturer’s instruction. APOE4-positive was defined as the presence of at least one ε4 allele.



Statistical analyses

To examine the relationship between physical activity (continuous and categorical variables) and cognition (TS, memory score, and non-memory score), multiple linear regression analyses were performed with physical activity as the independent variable and cognition as the dependent variable. Because various factors may influence the association between physical activity and cognition, we systematically evaluated all participants to identify potential confounders such as age, sex, APOE4 status, education, clinical diagnosis, depression, vascular risks, alcohol intake, dietary patterns, and blood nutritional markers. We tested two models, adjusting for the covariates in a stepwise manner. The first model included age, sex, APOE4 status, education, clinical diagnosis, depression, alcohol intake, vascular risks, and dietary patterns as covariates; the second model included these covariates plus including blood nutritional markers.

The moderating effects of covariates such as age, sex, APOE4 status, education, clinical diagnosis, GDS score, VRS, and alcohol intake on the association between physical activity and cognition was examined using multiple linear regression analyses including two-way interaction terms for the association between physical activity and cognition as additional independent variables. When an interaction was determined, linear regression analyses were repeated individually depending on the covariate. All statistical analyses were performed using the SPSS Statistics v28 software (IBM Corp, Armonk, NY, USA).




Results


Participant characteristics

Table 1 presents the demographic and clinical characteristics of the participants. All participants were physically capable (i.e., UPDRS gait score ≤2). Among the 196 participants, 65, 66, and 66 participants were categorized into the low, medium, and high physical activity groups, respectively.


TABLE 1    Baseline participant characteristics according to PASE categories.
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Association between physical activity and cognition

After controlling for all confounding factors, the PASE score was positively associated with the episodic memory score but not the non-memory score (Figure 1 and Table 2). It was also positively associated with TS.
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FIGURE 1
Associations between PASE and episodic memory. (A) PASE vs. episodic memory, (B) PASE categories vs. episodic memory, (C) PASE categories vs. episodic memory according APOE4 status, and (D) PASE categories vs. episodic memory according to age. PASE physical activity scale for the elderly, APOE4 apolipoprotein ε4. In panels (A–D), data are adjusted for all potential covariates. In panels (B–D), data are mean cognition values and error bars represent standard error.



TABLE 2    Results of multiple linear regression analyses for the associations between PASE and cognition.

[image: Table 2]



Association between physical activity categories and cognition

Compared to individuals with low PASE scores, those with high PASE scores had higher episodic memory but not higher non-memory cognition (Figure 1 and Table 3). The high PASE score group also had higher total cognition than the low PASE score group. There were no differences in non-memory scores between groups.


TABLE 3    Results of multiple linear regression analyses for the associations between PASE categories and cognition.
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Moderation effect on the association between physical activity and cognition

There were significant interactions between PASE scores and potential covariables such as age and APOE4 status (Table 4). There were no significant interactions between PASE score and potential covariables such as sex, education, clinical diagnosis, GDS score, VRS, and alcohol intake.


TABLE 4    Results of multiple linear regression analyses including PASE × one covariate interaction term, predicting cognition.
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Association between physical activity and cognition according to age and APOE4 status

Physical Activity Scale for the Elderly scores and episodic memory were positively associated in older adults aged > 70 years and in APOE4-positive individuals (Figure 1 and Tables 3, 4). PASE scores were associated with TS only in APOE4-positive individuals. There were no associations between PASE scores or categories and non-memory scores.




Discussion

This study of physically capable older adults with no dementia showed that physical activity was associated with higher episodic memory, but not non-memory cognition. Specifically, the beneficial effects of physical activity on episodic memory were apparent in adults aged > 70 years and in APOE4-positive adults.

The observed association between physical activity and episodic memory as the earliest cognitive change in AD (Howieson et al., 1997; Grober et al., 2000; Laakso et al., 2000; Bäckman et al., 2001, 2005; Tromp et al., 2015), is consistent with the results from some previous human studies that demonstrated that physical activity has beneficial effects against AD and cognitive decline. A systematic review and meta-analysis showed that physical activity was associated with lower incidence of AD, with a significant spline trend for AD in dose response meta-analyses (Iso-Markku et al., 2022). The Nurses’ Health Study (Weuve et al., 2004) indicated that physical activity is associated with better cognitive function and less cognitive decline in older women. A population-based cohort study revealed that leisure-time physical activity at least twice per week at midlife was associated with a lower risk for AD and dementia (Rovio et al., 2005). A community-based prospective cohort study of atherosclerosis and cardiovascular disease showed that leisure-time physical activity was associated with lower incidence of dementia and lower cognitive decline (Palta et al., 2019). However, these studies assessed dementia and AD risk in terms of global cognitive performance, rather than AD-related cognition performance. Furthermore, they did not detect the moderation effect of confounding variables on the association between physical activity and episodic memory cognition and did not assess nutritional and blood markers, which may be closely related to physical activity. By contrast, we found that physical activity was associated with episodic memory, i.e., AD related cognition and we investigated moderation of effects of age and APOE4 status on the potential association between physical activity and cognition and detected such an effect.

The mechanism underlying the protective effect of physical activity on AD and related cognition remains unclear. There may be several biological mechanisms linking physical activity to AD and related cognitive decline. Numerous studies have indicated that physical activity regulates several gene transcripts and neurotrophic factors that are related to the preservation of cognitive performance and may enhance brain plasticity (Tong et al., 2001; Berchtold et al., 2002; Cotman and Berchtold, 2002; Rovio et al., 2005; Rockwood and Middleton, 2007). Physical activity may also alleviate amyloid burden in the brain, as shown in a transgenic mouse model of AD (Lazarov et al., 2005). Cholinergic activity increases with physical activity, and the regulation of the cholinergic system by exercise has been implicated in physical activity-induced plasticity (Cotman and Berchtold, 2002). Physical activity has also been suggested to enhance cognitive reserve (Kramer et al., 1999). Together, these findings support neuronal plasticity as a possible mechanism for physical activity-mediated regulation of cognitive performance. However, this mechanism requires verification through further research.

Physical activity was not found to be associated with non-AD related cognition. Physical activity can play an important role in vascular health (Paffenbarger et al., 1993), and cognitive decline due to vascular damage is highly likely to cause non-memory cognitive decline (Viswanathan et al., 2009), which may contradict our findings. However, the protective effect of physical activity on vascular health may be only one of numerous mechanisms (Kramer et al., 1999; Tong et al., 2001; Berchtold et al., 2002; Cotman and Berchtold, 2002; Lazarov et al., 2005; Rovio et al., 2005; Rockwood and Middleton, 2007). Furthermore, there remains a significant association between physical activity and cognitive performance regardless of adjustment for vascular risk factors, which indicates that physical activity protects cognitive performance independently of vascular risk factors.

The beneficial effects of physical activity on AD-related cognition were prominent in old-old adults but not young-old adults in this study, perhaps because the former participants group has had a longer duration of exposure to physical activity. In addition, the effects of physical activity may have been greater in old-old aged adults who were vulnerable to AD and related cognitive decline. Our findings revealed that the association between physical activity and episodic memory cognition was influenced by APOE4 status, with a significant positive association observed between physical activity and episodic memory cognition in individuals with APOE4. These findings are consistent with the findings of the Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER) trial (Solomon et al., 2018). The FINGER trial has demonstrated that the implementation of healthy lifestyle changes (positive intervention) has a significantly greater impact on cognition among individuals with APOE4, based on within-group analysis, as opposed to between-group analysis (test of interaction) (Solomon et al., 2018). Our findings could be explained by the potential reversal effect of physical activity on the deleterious actions of APOE4. APOE4 has been associated with blood-brain barrier dysfunction and predicts cognitive decline (Montagne et al., 2020). In addition, the different APOE isoforms can affect the clearance of Aβ, with APOE4 potentially hindering Aβ removal compared to non-APOE4 isoforms (Wildsmith et al., 2013). Therefore, if the detrimental effects of APOE4 on the shared Aβ clearance pathway (Kurz and Perneczky, 2011) are counteracted by the protective effects of physical activity, the benefits of physical activity would be more pronounced in the APOE4-positive group. We demonstrated the potential reversal effect of physical activity on the deleterious actions of APOE4, particularly in older adults with APOE4; notably, the effect of APOE4 on cognition is more pronounced in the older population (Liu et al., 2010).

Our study provides some novel findings regarding physically capable non-demented older adults who underwent clinical assessments including overall physical activity evaluation, laboratory blood tests, nutritional or blood marker tests, and comprehensive cognitive tests with multiple cognitive domains. We also controlled the statistical models for potential confounders to investigate the association between physical activity and AD-related cognition as clearly as possible. Nevertheless, our study had some limitations. First, recall bias may have affected the relationship between physical activity and cognitive performance. Approximately 40% of the participants were diagnosed with MCI, showing recent, rather than remote, memory impairments. This inclusion may raise concerns about the accuracy of self-reports for physical activity. However, the physical activity histories of participants with MCI may not be erroneous, because these self-reports depend mainly on remote memory based on long-established lifestyle rather than recent memory. In addition, there was no interaction between PASE scores and clinical diagnosis states (Table 4), and we obtained similar results after adjustment for the clinical diagnosis as an additional covariate in Model 1. Together, these factors suggest that there are no differences in the relationship between physical activity and cognition with and without a clinical MCI diagnosis. Second, physical activity may be restricted by preexisting brain pathologies because it is a complex motor performance requiring coordination of all body parts, similar to gait (Park et al., 2012). To investigate the precise effect of physical activity on AD-related cognitive domain, we enrolled all participants who were physically capable, i.e., able to perform gait without assistance (UPDRS walking score ≤2). Finally, we did not measure physical activity using objective tools. One pedometer-based study on physical activity (Rabin et al., 2019) assessed the number of steps per day over a short period; however, they did not assess overall physical activity or the various physical activities in which participants engaged. Further investigations using objective measuring instruments that can more fully reflect physical activity are needed to clarify the associations detected in this study.



Conclusion

Our findings suggest that physical activity had beneficial effects on episodic memory, as an AD-related cognitive domain, in individuals aged > 70 years and in APOE4-positive individuals. Physicians should take age and APOE4 status account into when recommending physical activity to prevent AD-related cognitive decline.
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PASE, physical activity scale for the elderly; APOE4, apolipoprotein e4; GDS, geriatric depression scale; VRS, vascular risk score.
2 Adjusted for age, sex, APOE4, education, clinical diagnosis, GDS, VRS, alcohol intake, and dietary pattern.
b Adjusted for covariates in Model 1 plus blood nutritional markers.
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PASE, physical activity scale for the elderly; APOE4, apolipoprotein e4; GDS, geriatric depression scale; VRS, vascular risk score.
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PASE, physical activity scale for the elderly; APOE4, apolipoprotein e4; GDS, geriatric depression scale; VRS, vascular risk score.
2 Adjusted for age, sex, APOE4, education, clinical diagnosis, GDS, VRS, alcohol intake, and dietary pattern.
b Adjusted for covariates in Model 1 plus blood nutritional markers.
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