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Introduction
About 60–70% of dementia cases globally are caused by 
Alzheimer’s disease (AD), making it the most common 
cause of dementia. It is a progressive illness of memory 
loss, intellectual decline and behavioral changes that 
result in a loss of independent functioning. AD is one of 
the largest public health problems linked to the population 
ageing, as currently more than 55 million people have this 
disease worldwide and this number is expected to nearly 
triple by 2050.[1-3]

The formation of amyloid-β plaques, tau neurofibrillary 
tangles, synaptic dysfunction, and neuronal death are 
thought to be the causes of AD, a neurodegenerative 
disease.[4,5] Research has therefore been concentrated on 
late life risk factors (hypertension, diabetes, obesity and 
lifestyle habits).[6,7] Recent findings, however, indicate 
that developmental exposures have the potential to affect 
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Alzheimer’s disease (AD) is an age-related neurodegenerative disease, but there are increasing recognition 
the role of early-life factors in its development. This comparative review examines the interplay between 
developmental factors, such as nutrition, education, psychosocial stress, and the environment, and adult 
neuropathology in determining risk of AD. Through integration of epidemiological, clinical and experimental 
research, the review highlights the risk trajectory that spans early life to late age. Early exposures to 
adverse events such as suboptimal cognitive stimulation and metabolic imbalance may set the stage for 
anatomical and physiological brain changes that develop into dementia. On the other hand, factors such 
as cognitive stimulation and nutrition seem to reduce risk. Neurodegenerative disease in adulthood is 
considered in the context of these early determinants, with a focus on how biological and environmental 
factors interact to accelerate or slow down the disease process. Such a view of AD expands the traditional 
consideration of the disease as an ageing process and prioritises holistic approaches to prevention across 
the life course. Finally, the review calls for the coordination of public health strategies across the life course 
to minimizing   impact of Alzheimer’s disease.
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A B S T R A C TA R T I C L E  I N F O

susceptibility many decades before the onset of clinical 
signs of AD.[8-10]

However, growing epidemiologic and experimental 
data suggest that nutritional, educational, psychosocial 
and environmental factors in early life have long-term 
effects on brain development, cognitive reserve and 
neurodegenerative risk.[11-15] These developmental factors 
are thought to influence the progression of Alzheimer’s 
disease throughout life, in addition to the metabolic and 
vascular risk factors seen in adults, which helps support a 
life-course perspective of Alzheimer’s disease.[6,16]

While a number of recent reviews have investigated the 
concept of Alzheimer’s disease as a life course disorder, 
these generally have concentrated on individual areas, 
including genetic susceptibility, modifiable risk factors, 
neuropathology, or preventive intervention.[4,6,10,16] 
In contrast, the present review provides an integrated 
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comparat ive framework that connect s early-li fe 
determinants including nutrition, education, psychosocial 
adversity, and environmental exposures with adult 
neuropathological changes, cumulative risk factors, and 
public health strategies. This review integrates evidence 
drawn from developmental, clinical, and epidemiological 
research, outlining the lifelong nature of the interplay 
between childhood and adult determinants of the 
Alzheimer’s disease and the importance of the prevention 
opportunities throughout the life course.
Therefore, this review integrates the most recent 
findings regarding early-life determinants and the adult 
mechanisms involved in neurodegenerative disease to 
provide a briefly picture of Alzheimer’s disease from birth 
through adulthood. The review highlights developmental 
risk factors and compares them to risks in adulthood to 
emphasize the importance of opportunities for prevention 
that begin early in life and continue throughout life.

Childhood risk factors of Alzheimer’s disease

Nutrition and metabolic health
The nutrition of early childhood is crucial for proper brain 
development and functioning. Iron, folate, and vitamin D 
deficiencies at critical developmental windows interfere 
with neuronal maturation by affecting neurogenesis, 
synaptogenesis, and myelination, hence enhancing the risk 
of Alzheimer’s disease (AD) later in life.[17,21] In addition to 
reducing energy metabolism, iron deficiency also interferes 
with synthesis of neurotransmitters, while malnutrition 
and stunted growth decrease cognitive reserve, which 
diminishes the brain’s capacity to compensate for age-
related neuropathological changes.[18,21] Conversely, a 
proper amount of the omega-3 fatty acids, antioxidants 
and dietary proteins maintain the integrity of the neuronal 
membrane, improve synaptic plasticity, decrease oxidative 
stress, and fertilize long-term cognitive resilience.[19,22] 
The growing global pandemic of childhood obesity has 
been associated to chronic low-grade inflammation, 
insulin resistance, dyslipidemia, oxidative stress, impaired 
insulin signaling in the brain, and microglial activation 
.[20,23] These metabolic disturbances could contribute to 
an early build-up of amyloid-β, hyperphosphorylation 
of tau, and neuroinflammation, all of which may lead to 
Alzheimer’s disease in later life. [23,24] Overall, these results 
underscore the importance of providing optimal nutrition 
in early life to promote normal neurodevelopment and 
promote cognitive resilience, and potentially lower risk 
for Alzheimer’s disease later in life.

Education and cognitive reserve
The cognitive reserve theory offers a framework to 
understand the protective role of enriched learning 
environments and educating in the prevention of 
Alzheimer’s disease (AD). Children who are educated 
in a way that enriches their lives create eff icient 

neuronal networks by improving synaptic connectivity, 
neuroplasticit y, and the capacit y of the brain for 
cognitive reserve, thus better protecting themselves 
from age-related neurodegeneration.[25] The importance 
of education, as a health risk for dementia, has been 
consistently noted, especially in low to the middle income 
countries.[26] The brain’s capacity to recruit alternative 
neural networks and use other networks more efficiently 
has been proposed as a mechanism of compensation 
for those with higher levels of education, which results 
in a later age of onset of AD even when similar levels of 
neuropathological changes are seen.[27,28] On the other 
hand, cognitive deficits are also clinically expressed at 
an earlier age with similar neuropathological burden 
in the presence of less education.[25,28] Therefore, early 
education investment is not only socially advantageous 
but also biologically advantageous because it fortifies the 
cognitive resilience and the onset of Alzheimer’s disease 
may be delayed.

Psychosocial stressors
Early-life stressors such as adverse childhood experiences 
(ACEs) like trauma, neglect and poverty have lifelong impacts 
on brain development and raise the like of progressing 
Alzheimer’s disease (AD) later in the life. The effects of 
ACEs on hypothalamic-pituitary-adrenal (HPA) axis led 
to the chronic state of activation of the stress response 
and continued glucocorticoid (cortisol) exposure[29]. 
Increased cortisol disrupts hippocampal neurogenesis, 
decreases dendrit ic complexit y, decreases BDNF 
signaling, and increases neuroinflammation, resulting in 
structural and functional changes in prefrontal cortex, 
amygdala, hippocampus, and other brain regions which 
mediate learning, memory and emotional regulation.
[29-32] Persistent HPA-axis dysregulation could also 
further promote amyloid precursor protein processing, 
amyloid-β buildup, and tau hyperphosphorylation, 
leading to greater susceptibility to Alzheimer’s decades 
later.[33,34] Social disadvantage and poverty further 
exacerbate vulnerability by impacting on cognitive 
reserve, including nutrition (including poor dietary 
quality), health services, and education opportunities 
at an early age, thereby increasing the like of cognitive 
impairment and dementia later in the life.[30,31] Childhood 
psychosocial adversity is also shown to induce long-term 
alterations of the hippocampal and prefrontal cortical 
structure and function, thereby driving increased 
vulnerability to age-related neurodegeneration.[32] 

The f indings suggest that decreasing childhood 
psychosocial stressors and enhancing social support may 
increase cognitive resilience and help to decrease lifetime 
risk for Alzheimer’s disease.

Environmental exposures
Long-term cognitive decline has been associated with 
exposure to environmental toxins during early life. 
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Leaded, pesticide and air pollutant exposure disrupts 
neurodevelopment, making individuals more susceptible 
to neurodegenerative diseases later in life [35]. On a 
molecular level, these environmental toxins cause 
oxidative stress, mitochondrial dysfunction and microglial 
activation, leading to chronic neuroinflammation and 
neuronal injury.[39,40] Fetal exposure to stress and 
maternal infection also leads to further changes in fetal 
brain development as a result of immune dysregulation 
and inflammatory signaling, which further increases the 
risk for adult cognitive impairment and dementia.[36] One 
of the most widely studied air pollutants, fine particulate 
matter (PM2.5), can disrupt the blood-brain barrier, raise 
the formation of the reactive oxygen species, and stimulate 
sustained neuro-inflammatory responses, which will 
eventually lead to increased amyloid-β deposition and tau 
hyper-phosphorylation, the two major neuropathological 
markers of Alzheimer’s disease.[37,39] Exposure during 
childhood has been shown to lower cognitive functioning 
and structural changes in the brain that could impact 
cognitive reserve and thereby raise the risk of dementia 
later in life.[38,41] Together, these results underscore the 
role of minimizing environmental hazards and exposures 
to neurotoxic compounds in early life as public health 
measures to support healthy brain aging preventing 
alzheimer’s prevention.

Genetic Susceptibility and Gene–Environment 
Interactions in Alzheimer’s Disease
In addition to environmental and developmental factors, 
genetic susceptibility is also a significant factor in the 
pathogenesis of Alzheimer’s disease (AD), but genes 

account for only a small proportion of the lifetime risk. 
The most important identified genetic risk factors are the 
apolipoprotein E (APOE) ε4 allele and its dose-dependent 
effects are a genetic risk factor for sporadic late-onset AD, 
and increase susceptibility to the disease.[42–44] The ε4 
allele of the APOE gene causes a decrease in the efficiency 
of lipid transport, neuronal repair, and amyloid-β (Aβ) 
clearance, resulting in increased Aβ deposition, increased 
tau hyperphosphorylation, increased oxidative stress, 
increased neuroinflammation, and increased blood–
brain barrier dysfunction.[42–44] Apart from APOE ε4, 
rare mutations in the amyloid precursor protein (APP), 
presenilin 1 (PSEN1), and presenilin 2 (PSEN2) genes 
that interfere with the processing of APP and increase 
the levels of pathogenic amyloid beta (Aβ) peptide are 
the other genes that have been identified, which cause 
autosomal dominant early-onset AD.[45,46] In addition, 
a number of susceptibility loci for immune regulation, 
lipid metabolism and endosomal trafficking have been 
identified by genome-wide association studies (GWAS) 
that have led to progression of the polygenic risk scores 
(PRSs) to measure overall genetic susceptibility to AD.[47,48]

Importantly, genetic susceptibility and environmental 
exposures are not independent exposures, but rather are 
to be thought of as interacting throughout the life course. 
APOE ε4 does not automatically mean AD; environmental 
factors in early life and throughout life greatly modulate the 
effects of APOE ε4. Cognitive reserve and brain resilience 
are shaped by early life determinants, such as maternal 

Fig. 1: Early life and adult risk factor in Alzheimer’s disease[6]

Fig 2: Mechanistic Model Illustrating the Balance Between Protective 
and Risk Pathways Across the Lifespan in Alzheimer’s Disease[6]
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nutrition, childhood education, cognitive stimulation, 
psychosocial support, and environmental exposures, 
which influence the clinical expression of genetic risk.[49-52] 
They might have an accelerated progression of the disease 
if exposed to unfavorable factors like malnutrition, 
air pollution, chronic psychosocial stress factors and 
cardiovascular risk factors, which can lead to increased 
neuroinflammation and reduced neuronal resilience.[49,50] 
However, a combination of good developmental factors, as 
well as lifelong healthy lifestyle habits (such as improved 
cognitive reserve, decreased neuroinflammation, and 
healthy vascular health) can partially mitigate genetic 
risk and reduce the likelihood of clinical symptoms 
appearing in adulthood.[51,52] Thus, Alzheimer’s disease 
should be viewed as being the result of a dynamic interplay 
of inherited genetic susceptibility to the disease and 
cumulative exposures to the environment throughout 
life, and thus personalized prevention strategies that 
combine genetic risk with life course determinants should 
be employed.

Lifespan Integration
Early life determinants are related to risk factors that 
emerge in adulthood, and these risks compound each other. 
Childhood poor nutrition, low education, psychosocial 
stress, and environmental exposures combine with 
adult factors of hypertension, diabetes, and sedentary 
lifestyle to hasten the process of neurodegeneration.
[53] In contrast, healthy factors throughout childhood, 
such as a healthy diet, a stimulating environment, a 
positive family environment, and lower exposure to 
toxins, increase resilience and postpone the development 
of disease.[54] A developmental perspective of AD as 
a continuum throughout the life-course redefines the 
concept of prevention to focus on interventions that start 
in childhood and continue into adulthood.[55] This holistic 

view emphasizes the need for integrated public health 
policies that bridge pediatric and geriatric healthcare to 
promote brain health across the life-course.[56]

Neurodegenerative Changes in Adulthood

Neuropathological Hallmarks
The pathological changes in Alzheimer’s disease (AD) 
alter brain function. A hallmark pathological feature of 
Alzheimer’s disease is the accumulation of extracellular 
amyloid-β plaques, which disrupt synaptic transmission 
and trigger neuroinf lammatory responses.[57] The 
intracellular accumulation of neurofibrillary tangles 
comprising hyperphosphorylated tau protein also 
results in disruption of microtubules, leading to synaptic 
dysfunction and neuronal death.[58] Synapse loss, mostly 
in the hippocampus and cortex, is tightly linked with 
cognitive impairment and memory deficit.[59] Activated 
microglia and astrocytes contribute to neuroinflammation, 
exacerbating neuronal insults and progression of the 
disease. [60] These features cooperate to form a pathogenic 
network that underpins AD clinical symptoms.

Cumulative Risk Factors
Systemic vascular risk factors significantly contribute 
to Alzheimer’s disease progression. Hypertension and 
cardiovascular disease compromise cerebrovascular 
integrity, thereby promoting amyloid-β deposition 
and white matter lesions.[61] Metabolic imbalances 
such as diabetes and insulin resistance cause glucose 
dysregulation in the brain, which can lead to oxidative 
stress and hyperphosphorylation of the tau protein 
.[62] Cigarette smoking, physical inactivity, and poor 
diet also increase the risk, with a synergistic effect on 
neurodegenerative disease.[63] Middle-age obesity and 
metabolic syndrome are associated with dementia.[64] 
These promote the importance of systemic factors in AD.

Fig. 3: Life-course timeline illustrating protective and risk factors influencing Alzheimer’s disease from prenatal life to old age[6]
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Table 1: Summary of Cumulative Risk Factors and Their Mechanisms in Alzheimer’s Disease [61-64]

Risk Factor Mechanism Impact on AD Progression

Hypertension Vascular dysfunction, reduced cerebral perfusion, white 
matter damage

Promotes amyloid deposition and accelerates 
cognitive decline.

Diabetes & Insulin 
Resistance

Impaired glucose metabolism, oxidative stress, tau 
hyperphosphorylation

Increases neuronal vulnerability and accelerates 
neurodegeneration.

Obesity & Metabolic 
Syndrome

Chronic inflammation, altered lipid metabolism, vascular 
stress

Strongly associated with higher dementia incidence 
in late life.

Smoking Oxidative stress, vascular damage, reduced oxygen supply Amplifies neuronal injury and accelerates pathology.

Physical Inactivity Reduced cerebral blood flow, impaired neurogenesis Weakens resilience and increases risk of dementia.

Poor Diet Deficiency in antioxidants, high saturated fat intake Enhances oxidative stress and amyloid 
accumulation.

Interaction with early-life exposures
Emerging evidence indicates that early-life determinants 
interact with adult risk factors across the life-course 
to inf luence A lzheimer ’s disease r isk . Adequate 
childhood nutrition and higher educational attainment 
promote cognitive reserve, enhancing resilience against 
neuropathological changes and delaying cognitive decline 
.[65] Early life stress (trauma, poverty) alters the stress 
response and development of the hippocampus, leading 
to more rapid decline with exposure to adult risk.[66] 
Early-life toxins and pollutants may lead to increased 
neuroinflammation, which, with vascular and metabolic 
dysfunction in later life, may accelerate AD.[67] This 
stresses the need for a life-course approach, in which adult 
neurodegenerative disease is the culmination of life events.

Protective factors
However, protective factors reduce the incidence of 
disease. Education and cognitive training foster cognitive 
reserve, increasing the brain’s capacity to compensate 
for neuropathological alterations and maintain cognitive 

function.[68] Increased blood flow, inflammation reduction, 
and neurogenesis slow down cognitive decline.[69] 
Supportive social relationships and sustained social 
engagement promote cognitive resilience, attenuate 
stress-related neurobiological responses, and are linked 
with a lower risk of dementia.[70] The Mediterranean diet 
has consistently associated with improved cognitive health 
owing to its more content of the antioxidants, polyphenols, 
and unsaturated fatty acids, which collectively exert 
neuroprotective and anti-inflammatory effects.[71] All 
these protective factors lead to a reduction in the incidence 
of AD when the multidomain interventions are carried out, 
such as education, lifestyle, and social interaction.

Lifespan integration
Adult neurodegenerative processes in AD are not in isolation 
and are shaped by the interplay between the neuropathology, 
s ystemic r isk fac tors ,  and early l i fe fac tors[ 72] 
Life-course protective factors, such as education and 
physical and social activity, confer resilience, and 
cumulative adversities accelerate disease onset. This 
integrated approach provides a new framework for AD as 

Table 2: Comparison of Early-Life Determinants and Adult Risk Factors in Alzheimer’s Disease

Feature Early-Life Determinants Adult Risk Factors

Stage of action Prenatal, infancy, childhood, and adolescence [9,12] Midlife and older adulthood [6,7]

Examples Nutrition, education, psychosocial stress, environmental 
pollution, genetic susceptibility [12,14]

Hypertension, diabetes mellitus, obesity, smoking, 
depression, physical inactivity [6,7]

Primary mechanism Brain development, neurogenesis, synaptogenesis, 
cognitive reserve [12]

Neuroinflammation, vascular dysfunction, amyloid-β 
accumulation, tau hyperphosphorylation [5,6]

Major biological 
effects

Synaptic plasticity, myelination, neuronal maturation, 
enhanced cognitive resilience [12]

Oxidative stress, insulin resistance, microglial 
activation, cerebrovascular injury [5,6]

Reversibility Limited once critical developmental periods are 
completed [12]

Many factors are modifiable through lifestyle and 
medical interventions [6,16]

Prevention strategy Maternal health, early-life nutrition, education, 
psychosocial support, pollution control [9,12]

Lifestyle modification, cardiovascular risk 
management, physical activity, healthy diet, smoking 
cessation [6,16]

Overall contribution Establishes lifelong susceptibility and cognitive reserve 
[12]

Accelerates disease progression and clinical 
manifestation [5,6]
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a life-course disease, with new prevention and treatment 
strategies in development and adulthood. This approach 
enables researchers and policymakers to implement 
measures to reduce the global burden of AD.[73]

Comparative Lifespan Perspective

Interactions between developmental and adult 
determinants
Alzheimer’s disease (AD) is increasingly being recognised as 
the result of life-course exposures. Adverse developmental 
exposures, including nutrition, education, psychosocial 
stress and toxins, and adult health risk points such as 
hypertension, diabetes and lifestyle factors, interact 
to confer risk.[74] This moves the view of AD from an 
age-specific to a life-course process. Deficits in early 
life reduce the cognitive reserve, and pathology in 
adulthood accelerates the decline, and a trajectory of risk 
is established over decades.[75]

Neurocognitive Trajectory
The term “neurocognitive trajectory” describes the 
trajectory of brain function across the life-course, affected 
by genetic, environmental and social factors.[76] Positive 
exposures, such as good nutrition in childhood, enriched 
educational opportunities and positive environments, 
lead to reserve and resilience. On the other hand, adverse 
exposures lead to vulnerabilities and dementia.[77] Cohort 
studies have shown that individuals with greater cognitive 
reserve remain cognitively functional despite significant 
neuropathology, highlighting its role in delaying the 
clinical manifestation of Alzheimer’s disease.[78]

Evidence from Longitudinal and Cohort Studies
Longitudinal studies are consistent with the lifespan 
model. The Framingham Heart Study has demonstrated 
middle-aged vascular risk factors are associated with 
dementia.[79] Similarly, the Whitehall II study found 
low education and childhood adversity are predictive 

of dementia.[80] Recent birth cohorts from developing 
countries show that malnutrition and stunting are linked 
to low cognitive reserve and dementia prevalence.[81] 
These studies suggest early and sustained prevention of 
AD.[82]

Regional and Cultural Variation of Risk and 
Resilience
Risk and resilience are diverse. In developed countries, 
health care and education are protective, whereas lifestyle 
factors such as obesity and low physical activity are risks 
.[83] In lower- and middle-income countries, malnutrition, 
poverty and low education levels still play a role.[84] 
Healthy cultural practices, particularly adherence to the 
Mediterranean diet, contribute to cognitive resilience, 
whereas environmental pollution associated with rapid 
urbanisation may increase susceptibility to Alzheimer’s 
disease.[85] These differences are important when 
considering population-specific interventions.[86]

Public Health and Prevention

Importance of Early Interventions
Nutritional, education and psychosocial interventions in 
early life are essential in minimising risks of dementia in 
later life. Early-life interventions to prevent malnutrition 
and micronutrient deficiencies in childhood enhance 
neurodevelopment.[87] Universal education maximises 
cognitive reserve and psychosocial interventions 
minimise the effects of trauma and poverty.[88] Therefore, 
comprehensive dementia prevention strategies should 
integrate policies that promote child health and early-
life development with interventions targeting adult risk 
factors across the lifespan.[89]

Health & Well-being for Cognitive Resilience
Adult health promotion also enhances resilience. Exercise 
increases blood flow and decreases inflammation.[90] 

Table 3: Major biomarkers used in Alzheimer’s disease diagnosis and monitoring

Biomarker Sample/Technique Indicates Clinical Significance

CSF Aβ42/Aβ40 Cerebrospinal fluid Amyloid pathology Early diagnosis of AD [101]

Amyloid PET PET imaging Cerebral amyloid deposition Detection of preclinical AD [101]

Plasma p-tau181 Blood Tau pathology Early diagnosis and monitoring [103]

Plasma p-tau217 Blood Tau pathology High diagnostic accuracy [104]

Tau PET PET imaging Neurofibrillary tangles Disease staging [102]

Neurofilament light chain (NfL) Blood/CSF Neurodegeneration Disease progression [104]

GFAP Blood Astrocyte activation Early neuroinflammation [104]

MRI Brain imaging Hippocampal atrophy Structural neurodegeneration [101]

FDG-PET PET imaging Reduced cerebral glucose metabolism Functional brain changes [102]
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Healthy diets, such as the Mediterranean and plant-based, 
prevent oxidative stress and amyloid burden.[91] Social and 
cognitive stimulation maintain cognitive reserve delaying 
symptom onset.[92] Multidomain approaches incorporating 
diet, exercise, cognitive training and stroke prevention 
have been effective.[93]

Policy Implications: Integrating Child and Elderly 
Health
Policies need to align child health programmes and 
geriatrics. Early education, nutrition and environment 
investments have long-term gains via decreased dementia 
.[94] The inclusion of dementia within non-communicable 
disease response provides a lifelong approach.[95] Health 
services need to take an integrated approach, connecting 
child and aged care services to reduce cumulative risk 
factors.[96]

Increasing Global Efforts to Reduce AD
With a tripling of dementia expected by 2050, there is 
a need for global approaches.[97] Global public health 
initiatives, including the World Health Organisation Global 
Dementia Observatory, emphasise a lifespan approach to 
dementia prevention through continuous risk reduction 
and health promotion across the lifespan.[98] Regional 
differences should be considered, focusing on malnutrition 
in low-income countries and lifestyle-related risks in high-
income countries.[99] Education and policy reforms aimed 
at reducing the burden of AD are also important.[100]

Comparative Perspective: Early-Life Determinants 
versus Adult Risk Factors
There is biological, environmental and lifestyle factors at 
play over the life span that contributing to the progression 
of Alzheimer’s disease. Early-life determinants and adult 
risk factors are discussed separately, but they are linked 
to each other as different points in a disease process. 
While early-life risk factors have a primary effect on brain 
development, cognitive reserve and resilience throughout 
life, adult risk factors have a primary effect on established 
neuropathological processes such as accumulation of the 
biochemical factors like amyloid-β, hyperphosphorylation 
of tau, neuroinflammation, and vascular dysfunction.[64–66]

Structural and functional development of the brain 
is influenced during critical periods of life by early-
life determinants including nutrition, education, 
psychosocial adversity, environmental exposures and 
genetic susceptibility. These factors shape the baseline 
cognitive reserve and their effect on vulnerability to 
neurodegeneration decades later.[62,64,67] Adult risk factors, 
such as hypertension, diabetes mellitus, obesity, smoking, 
physical inactivity, depression, and cardiovascular disease, 
on the other hand, mostly contribute to existing pathological 
processes by way of increased oxidative stress, chronic 
inflammation, metabolic dysfunctions, and reduced cerebral 
blood flow.[60,65,68]

Importantly, these factors should not be taken as being 
independent. Inadequate childhood nutrition can lead 
to obesity and metabolic syndrome in adulthood and 
lower education levels can lower health literacy and 
be associated with increased exposure to modifiable 
vascular risk factors.[60,62,69] The same is true of 
adverse childhood experiences, which can lead to 
chronic stress, depression and neuroinflammation 
later  in  l i fe  through persistent  hypothalamic-
pituitary-adrenal (HPA) axis dysregulation.[28,69] 
Therefore, the biological basis for the cumulative effects 
of the adult risk factors is set in place by the early-life 
determinants.
Together, this view on the lifespan implies that prevention of 
Alzheimer’s disease should involve early-life interventions 
to optimise brain development along with adult strategies 
to decrease vascular, metabolic and lifestyle-related risk 
factors. This holistic approach will probably be more 
effective than means of intervention that begin only in the 
older age (60 and 62).

Alzheimer’s Disease Biomarkers
Implications for Early Diagnosis and Lifespan Prevention
Alzheimer’s disease (AD) biomarkers have been 
revolutionized the diagnosis and treatment of Alzheimer’s 
disease, allowing detection of pathological changes years 
prior to clinical symptoms. There was a significant amount of 
neurodegeneration before being diagnosed, with cognitive 
evaluation being the main method. Conversely, modern 
biomarkers can be used to detect the presence of amyloid-β 
(Aβ) deposition, tau pathology, and neurodegeneration in  
preclinical and prodromal phases of the AD, which can aid 
in early diagnosis, patient classification, and personaling 
treatments strategies [101,102].
The National Institute on Aging–Alzheimer’s Association 
(NIA-AA) research framework categorizes AD biomarkers 
by the AT(N) system, in which A refers to amyloid 
pathology, T refers to tau pathology and (N) indicates 
neurodegeneration.[101] Amyloid biomarkers involve 
the presence of amyloid in the cerebrospinal fluid (CSF) 
with decreased CSF Aβ42 concentration, reduced CSF 
Aβ42/Aβ40 ratio, and positive amyloid positron emission 
tomography (PET) imaging. The CSF phosphorylated 
tau (p-tau) and tau PET imaging are used to assess tau 
pathology; the structural magnetic resonance imaging 
(MRI) and fluorodeoxyglucose PET (FDG PET) are used to 
assess neurodegeneration, and CSF is also used to measure 
total tau and neurofilament light chain (NfL).[101,103]

In recent years, new studies in blood-based markers have 
greatly enhanced the potential of large-scale screening 
for AD. Philpou, a phosphorylated tau isoform, shows a 
high diagnostic value for AD and a strong correlation with 
both amyloid and tau pathology, especially in the case of 
p-tau181 and p-tau217. Similarly, plasma neurofilament 
light chain (NfL) is a marker of neuronal injury, while glial 
fibrillary acidic protein (GFAP) is a marker of early stages of 
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disease progression involving astrocytic activation .[103,104] 
These are the minimally invasive biomarkers that are now 
being used in clinical research and precision medicine 
strategies and may serve as useful substitutes for CSF 
analysis and PET imaging in the future.
The clinical expression of AD is affected by the cognitive 
reserve and cumulative environmental exposures 
experienced throughout the lifespan, so it is important to 
consider biomarkers within the broader context of a life 
course. Those who have favorable early life determinants 
(good nutrition, more education, cognitive stimulation, 
and supportive psychosocial factors) may be able to have 
a positive biomarker result and still be cognitively normal 
due to greater cognitive reserve. On the other hand, people 
who have faced harmful developmental conditions can 
have symptoms earlier, even if their biomarkers are the 
same.[12,101] Combining biomarker measurement with 
genetic predisposition, early life exposures and modifiable 
lifestyle factors might help to enhance the prediction 
of risk, enable personalized prevention strategies, and 
maximize the timing of disease-modifying interventions.

Early-Life Determinants and Their Implications for 
Modern Alzheimer’s Disease Management

Early-Life Determinants and Response to Anti-Amyloid 
Monoclonal Antibodies
The development of drugs that selectively target 
aggregated amyloid-β (Aβ) and promote clearance from 
the brain has been a major development in recent years 
in the field of Alzheimer’s disease (AD) therapeutics, 
such as lecanemab and donanemab. These treatments 
have been shown to slow cognitive deterioration in 
patients with early symptomatic AD, such as in the mild 
cognitive impairment and mild dementia phases, and to 
lower the amount of cerebral amyloid.[105,106] But each 
person’s individual response to treatment will depend 
on their cognitive reserve developed over the lifespan. 
Enrichment in early life, such as having optimal nutrition, 
quality education, enriched cognitive environments and 
psychosocial support, increases cognitive reserve, which 
allows for greater neuropathological burden before clinical 
symptoms arise. Thus, factors related to cognitive reserve 
could be related to the onset of cognitive impairment when 
given the same amyloid pathology, which could have an 
impact on the timing of treatment and the magnitude of 
response. Incorporating life-course determinants into 
clinical decision-making could then enhance the selection 
of patients for clinical trials and maximize effectiveness 
of disease-modifying treatments.

Immunologic and Inflammatory Markers for 
Diagnosis and Management of Early-life Non-
communicable Diseases

Applicat ion of f luid and imaging biomarkers has 
revolutionized the early diagnosis of AD. Pathological 
changes can be detected years in advance of clinical 
symptoms by plasma phosphorylated tau (p-tau181 
and p-tau217) and CSF Aβ42/Aβ40 ratio, as well as by 
neurofilament light chain (NfL) and amyloid positron 
emission tomography (PET) imaging.[107,108] However, 
cognitive impairment is not always predicted by biomarker 
positivity. Having a higher cognitive reserve (due to better 
early life experiences) could allow people to have marked 
abnormalities in their biomarkers but not impact their 
cognitive functioning. Thus, a life-course perspective 
on education, nutritional status, socioeconomic status, 
and environmental factors should be used along with 
interpretation of biomarker results to better stratify and 
prognosticate.

Early-Life Determinants and Precision Medicine
The goal of precision medicine is to tailor the prevention 
and treatment of AD to the individual by combining all of 
the above (genetic, environmental, lifestyle and biological) 
information. While genetic factors, such as ApoE ε4, are 
known risk factors for AD, other potentially modifiable risk 
factors throughout life, termed life-course determinants, 
also play a strong role in disease development.[109] 
Early-life nutrition, education, socioeconomic factors, 
environmental exposures, and cognitive stimulation, in 
conjunction with biomarker signatures and genes, could 
help to predict and plan individualized risk and therapeutic 
interventions. This strategy would allow for the detection 
of high-risk patients at an earlier stage and for targeted 
interventions before irreversible neurodegeneration has 
taken place.

Early-Life Determinants and Preventive 
Interventions
Evidence to date suggests that dementia prevention 
should start early in life, not once the signs of cognitive 
decline start to occur. The brain develops and builds 
cognitive reserve that decreases vulnerability to long-
term AD through maternal health care, providing optimal 
nutrition to children, universal education, psychosocial 
support, cognitive stimulation, and healthy environmental 
conditions.[6,110] In adulthood, regular exercise, eating a 
healthy diet (including the Mediterranean diet), quitting 
smoking, maintaining a healthy blood pressure, managing 
diabetes and engaging in activities with others helps 
reduce dementia risk further. The results highlight the 
need for a comprehensive view of the life-course, beginning 
at early childhood and continuing to older adulthood, with 
preventive interventions in place throughout.

Evidence from Multidomain Prevention Trials
A number of recent multidomain intervention trials have 
shown that more than one lifestyle intervention is needed 
to offer more protection against cognitive decline than a 
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single intervention. The Finnish Geriatric Intervention 
Study to Prevent Cognitive Impairment and Disability 
(FINGER) findings indicated that a combination of 
dietary counselling, physical exercise, cognitive training, 
social engagement and vascular risk management had a 
significant effect on cognitive performance among older 
adults with a high risk of dementia.[16] Other data from 
the Multidomain Alzheimer Preventive Trial (MAPT) 
and the Prevention of Dementia by Intensive Vascular 
Care (PreDIVA) study reinforce the idea of multidomain 
preventive strategies, with effects depending on risk 
factors and patient characteristics.[111-113] It is important 
to consider early-life determinants in combination with 
multidomain lifestyle interventions to enhance cognitive 
reserve, the onset of disease and healthy ageing of the brain 
throughout the lifespan for future prevention programs.
Limitations of the Review
Although this review offers a thorough review of the 
existing literature on the influence of early life factors 
and later life risk factors on Alzheimer’s disease (AD), 
there are several limitations to this review. First, most 
of the evidence available comes from observational 
studies, longitudinal cohort studies and epidemiological 
investigations, which show association, but not necessarily 
causation bet ween early-life exposures and later 
development of AD .[6,12] Moreover, there is high variability 
across studies in terms of population characteristics, 
assessment of exposure, outcome variables, and follow-up 
period, and direct comparisons may be difficult and this 
may account for some of the differences in the reported 
results.[6,12] In addition, many early-life factors such as 
nutrition, education, psychosocial stress, or environmental 
exposures are difficult to assess precisely during the life 
course and are likely to be residual confounders, and recall 
bias.[12,114]

A second constraint is that, while the recent progress 
in genetic susceptibility, biomarkers, anti-amyloid 
monoclonal ant ibodies, precision medicine and 
multidomain preventive interventions are discussed, there 
is limited evidence of how these novel approaches might 
interact with early-life determinants.[101–106] Specifically, 
the impact of life-course exposures on biomarker 
trajectories, treatment response, and disease progression 
remains poorly understood. Furthermore, there is a lack 
of generalizability of results from the majority of available 
studies, as they have been conducted in high-income 
countries, and so cannot be applied to populations with 
a wide range of genetic makeup, socioeconomic status 
and environmental exposures.[6,98] To better understand 
these complex interactions, and to inform the development 
of personalized strategies for the prevention and 
management of Alzheimer’s disease.[6,16,101–104,115], future 
large-scale prospective longitudinal studies combining 
life-course exposures, genetic susceptibility in particular 
APOE ε4, biomarkers and multidomain interventions are 

needed.

Conclusion
Understanding Alzheimer’s disease (AD) as a lifelong 
disorder requires an understanding that early life 
determinants and adult risk factors play a synergistic 
rather than additive role in disease susceptibility and 
progression. Neurodevelopmental exposure (such as 
nutrition, education, psychosocial stress, environmental 
pollutants, and socio-economic factors) influences brain 
development and cognitive reserve, which can predispose 
a person to be more vulnerable or resilient to subsequent 
neurodegeneration. In adulthood, modifiable risk factors 
like hypertension, diabetes, obesity, smoking, physical 
inactivity, depression and social isolation, can speed 
up pathological changes such as amyloid-β deposition, 
tau hyperphosphorylation, synaptic dysfunction, and 
neuronal loss. All of this constitutes a life course of brain 
development and functioning that can either be protected 
by good experiences over the years or that can become 
a vulnerability due to repeated negative experiences 
over time. Longitudinal and cohort studies suggest that 
it’s possible for people to maintain their mental abilities 
despite having substantial neuropathological changes 
if they had a rich early-life environment and continued 
to engage in intellectual, physical and social activities 
throughout their lives, but people who experienced 
malnutrition, limited education, trauma, or exposure to 
environmental toxins are at significantly higher risk for 
developing AD later in life. Thus, prevention strategies 
should be life-course based, combining early-life 
prevention approaches (including nutrition, universal 
education, and psychosocial support) with lifelong 
promotion of cardiovascular health, healthy dietary 
patterns, regular physical activity, cognitive stimulation 
and social participation. Dementia prevention strategies 
need to be integrated with other NCD prevention 
programs, with the understanding that the chance to 
prevent dementia is greatest when a risk reduction 
strategy is followed throughout one’s lifespan, and will 
have the greatest potential impact on reducing the onset 
of the disease, maintaining cognitive function and quality 
of life. This comparative review suggests that while early-
life factors contribute to the biological and cognitive 
substrates of resilience or susceptibility, adult risk factors 
have the effect of influencing progression of diseases, 
so that a comprehensive and life-course perspective 
on prevention is key. This requires a collaborative 
effort between healthcare providers, policymakers, and 
communities to ensure that the resources are put into the 
right places and public awareness campaigns are carried 
out effectively. Creating a supportive environment that 
encourage physical and mental well-being can improve 
overall health and wellbeing and help to set up a supportive 
environment for people of all ages.



Kumar Kirwale et al.

Int. J. Pharm. Sci. Drug Res., July-August 2026, Vol 18, Issue 4, 219-231228

Acknowledgments
The authors express their sincere gratitude to the 
Department of Pharmacology, Dr. D. Y. Patil College of 
Pharmacy, Akurdi, Pune, for providing the necessary 
facilities and support. The authors also acknowledge the 
valuable guidance and encouragement provided during 
the preparation of this review manuscript.

References
1.	 World Health Organization. Measures of early-life brain health at 

population level: Report of a technical meeting, Geneva, Switzerland, 
2-3 May 2023. Geneva: World Health Organization; 2024. Available 
from: https://iris.who.int/handle/10665/375191

2.	 Safiri S, Ghaffari Jolfayi A, Fazlollahi A, Morsali S, Sarkesh A, Daei 
Sorkhabi A, et al. Alzheimer’s disease: A comprehensive review 
of epidemiology, risk factors, symptoms, diagnosis, management, 
caregiving, advanced treatments and associated challenges. Front 
Med (Lausanne). 2024;11:1474043. Available from: https://doi.
org/10.3389/fmed.2024.1474043. 

3.	 Nichols E, Szoeke CEI, Vollset SE, Abbasi N, Abd-Allah F, Abdela J, et 
al. Global, regional, and national burden of Alzheimer’s disease and 
other dementias, 1990-2016: A systematic analysis for the Global 
Burden of Disease Study 2016. Lancet Neurol. 2019;18(1):88-106. 
Available from: https://doi.org/10.1016/S1474-4422(18)30403-4

4.	 Knopman DS, Amieva H, Petersen RC, Chételat G, Holtzman 
DM, Hyman BT, et al. Alzheimer disease. Nat Rev Dis Primers. 
2021;7(1):33. Available from: https://doi.org/10.1038/s41572-
021-00269-y

5.	 Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s disease: 
Progress and problems on the road to therapeutics. Science. 
2002;297(5580):353-356. Available from: https://doi.org/10.1126/
science.1072994

6.	 Livingston G, Huntley J, Sommerlad A, Ames D, Ballard C, Banerjee 
S, et al. Dementia prevention, intervention, and care: 2020 report 
of the Lancet Commission. Lancet. 2020;396(10248):413-446. 
Available from: https://doi.org/10.1016/S0140-6736(20)30367-6

7.	 Kivipelto M, Ngandu T, Fratiglioni L, Viitanen M, Kåreholt I, Winblad 
B, et al. Obesity and vascular risk factors at midlife and the risk of 
dementia and Alzheimer disease. Arch Neurol. 2005;62(10):1556-
1560. Available from: https://doi.org/10.1001/archneur.62.10.1556

8.	 Mertaş B, Boşgelmez İİ. The role of genetic, environmental, and 
dietary factors in Alzheimer’s disease: A narrative review. Int J 
Mol Sci. 2025;26(3):1222. Available from: https://doi.org/10.3390/
ijms26031222

9.	 Cusick SE, Georgieff MK. The role of nutrition in brain development: 
The golden opportunity of the “f irst 1000 days”. J Pediatr. 
2016;175:16-21. Available from: https://doi.org/10.1016/j.
jpeds.2016.05.013

10.	 Timmins HC, Mok VC, Kim SH, Shahrizaila N, Sung JY, Sobue G, et al. 
Regional health priorities for dementia: A roadmap for the Western 
Pacific. Lancet Reg Health West Pac. 2024;50:101177. Available 
from: https://doi.org/10.1016/j.lanwpc.2024.101177

11.	 Britto PR, Lye SJ, Proulx K, Yousafzai AK, Matthews SG, Vaivada T, et 
al. Nurturing care: Promoting early childhood development. Lancet. 
2017;389(10064):91-102. Available from: https://doi.org/10.1016/
S0140-6736(16)31390-3

12.	 Soldan A, Pettigrew C, Cai Q, Wang J, Wang MC, Moghekar A, 
et al. Cognitive reserve and long-term change in cognition in 
aging and preclinical Alzheimer’s disease. Neurobiol Aging. 
2017;60:164-172. Available from: https://doi.org/10.1016/j.
neurobiolaging.2017.09.001

13.	 Meng X, D’Arcy C. Education and dementia in the context of the 
cognitive reserve hypothesis: A systematic review with meta-
analyses and qualitative analyses. PLoS One. 2012;7(6):e38268. 
Available from: https://doi.org/10.1371/journal.pone.0038268

14.	 Dhapola R, Sharma P, Kumari S, Bhatti JS, HariKrishnaReddy D. 

Environmental toxins and Alzheimer’s disease: A comprehensive 
analysis of pathogenic mechanisms and therapeutic modulation. 
Mol Neurobiol. 2024;61(6):3657-3677. Available from: https://doi.
org/10.1007/s12035-024-04117-0

15.	 Power MC, Weisskopf MG, Alexeeff SE, Coull BA, Spiro A III, Schwartz 
J. Traffic-related air pollution and cognitive function in a cohort of 
older men. Environ Health Perspect. 2011;119(5):682-687. Available 
from: https://doi.org/10.1289/ehp.1002767

16.	 Ngandu T, Lehtisalo J, Solomon A, Levälahti E, Ahtiluoto S, Antikainen 
R, et al. A 2-year multidomain intervention of diet, exercise, 
cognitive training, and vascular risk monitoring versus control 
to prevent cognitive decline in at-risk elderly people (FINGER): A 
randomised controlled trial. Lancet. 2015;385(9984):2255-2263. 
Available from: https://doi.org/10.1016/S0140-6736(15)60461-5

17.	 Grantham-McGregor S, Cheung YB, Cueto S, Glewwe P, Richter L, 
Strupp B, et al. Developmental potential in the first 5 years for 
children in developing countries. Lancet. 2007;369(9555):60-70. 
Available from: https://doi.org/10.1016/S0140-6736(07)60032-4

18.	 Walker SP, Wachs TD, Gardner JM, Lozoff B, Wasserman GA, Pollitt 
E, et al. Child development: Risk factors for adverse outcomes in 
developing countries. Lancet. 2007;369(9556):145-157. Available 
from: https://doi.org/10.1016/S0140-6736(07)60076-2

19.	 Gómez-Pinilla F. Brain foods: The effects of nutrients on brain 
function. Nat Rev Neurosci. 2008;9(7):568-578. Available from: 
https://doi.org/10.1038/nrn2421

20.	 Whitmer RA, Gustafson DR, Barrett-Connor E, Haan MN, Gunderson 
EP, Yaffe K. Central obesity and increased risk of dementia more than 
three decades later. Neurology. 2008;71(14):1057-1064. Available 
from: https://doi.org/10.1212/01.wnl.0000306313.89165.ef

21.	 Vauzour D, Camprubi-Robles M, Miquel-Kergoat S, Andres-Lacueva 
C, Bánáti D, Barberger-Gateau P, et al. Nutrition for the ageing brain: 
Towards evidence for an optimal diet. Ageing Res Rev. 2017;35:222-
240. Available from: https://doi.org/10.1016/j.arr.2016.09.010

22.	 Bazinet RP, Layé S. Polyunsaturated fatty acids and their metabolites 
in brain function and disease. Nat Rev Neurosci. 2014;15(12):771-
785. Available from: https://doi.org/10.1038/nrn3820

23.	 Baumgart M, Snyder HM, Carrillo MC, Fazio S, Kim H, Johns H. 
Summary of the evidence on modifiable risk factors for cognitive 
decline and dementia: A population-based perspective. Alzheimers 
Dement . 2015;11(6):718-726. Available from: ht tps://doi.
org/10.1016/j.jalz.2015.05.016

24.	 Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron F, 
Feinstein DL, et al. Neuroinflammation in Alzheimer’s disease. 
Lancet Neurol. 2015;14(4):388-405. Available from: https://doi.
org/10.1016/S1474-4422(15)70016-5

25.	 Stern Y. Cognitive reserve in ageing and Alzheimer’s disease. 
Lancet Neurol. 2012;11(11):1006-1012. Available from: https://doi.
org/10.1016/S1474-4422(12)70191-6

26.	 Barulli D, Stern Y. Efficiency, capacity, compensation, maintenance, 
plasticity: Emerging concepts in cognitive reserve. Trends Cogn Sci. 
2013;17(10):502-509. Available from: https://doi.org/10.1016/j.
tics.2013.08.012

27.	 Arenaza-Urquijo EM, Vemuri P. Improving the resistance and 
resilience framework for aging and dementia studies. Alzheimers 
Res Ther. 2020;12(1):41. Available from: https://doi.org/10.1186/
s13195-020-00607-9

28.	 Menardi A, Pascual-Leone A, Fried PJ, Santarnecchi E. The role of 
cognitive reserve in Alzheimer’s disease and aging: A multi-modal 
imaging review. J Alzheimers Dis. 2018;66(4):1341-1362. Available 
from: https://doi.org/10.3233/JAD-180636

29.	 Lupien SJ, McEwen BS, Gunnar MR, Heim C. Effects of stress 
throughout the lifespan on the brain, behaviour and cognition. Nat 
Rev Neurosci. 2009;10(6):434-445. Available from: https://doi.
org/10.1038/nrn2639

30.	 Hajek A, Riedel-Heller SG, König HH. Loneliness and social isolation in 
old age. Boca Raton (FL): CRC Press; 2023. Available from: https://
doi.org/10.1201/9781003336993

31.	 Hughes K, Bellis MA, Hardcastle KA, Sethi D, Butchart A, Mikton C, et 
al. The effect of multiple adverse childhood experiences on health: 



Alzheimer’s Disease Across the Lifespan: A Comparative Review of Early-Life Determinants and Adult Neurodegeneration

Int. J. Pharm. Sci. Drug Res., July-August, Vol 18, Issue 4, 219-231 229

A systematic review and meta-analysis. Lancet Public Health. 
2017;2(8):e356-e366. Available from: https://doi.org/10.1016/
S2468-2667(17)30118-4

32.	 Teicher MH, Samson JA. Annual research review: Enduring 
neurobiological effects of childhood abuse and neglect. J Child 
Psychol Psychiatry. 2016;57(3):241-266. Available from: https://
doi.org/10.1111/jcpp.12507

33.	 McEwen BS. Stress and hippocampal plasticity. Annu Rev Neurosci. 
1999;22:105-122. Available from: https://doi.org/10.1146/annurev.
neuro.22.1.105

34.	 Leng F, Edison P. Neuroinflammation and microglial activation in 
Alzheimer disease: Where do we go from here? Nat Rev Neurol. 
2021;17(3):157-172. Available from: https://doi.org/10.1038/
s41582-020-00435-y.

35.	 Calderón-Garcidueñas L, Franco-Lira M, Henríquez-Roldán C, 
Osnaya N, González-Maciel A, Reynoso-Robles R, et al. Urban air 
pollution: Influences on olfactory function and pathology in exposed 
children and young adults. Exp Toxicol Pathol. 2010;62(1):91-102. 
Available from: https://doi.org/10.1016/j.etp.2009.02.117

36.	 Estes ML, McAllister AK. Maternal immune activation: Implications 
for neuropsychiatric disorders. Science. 2016;353(6301):772-777. 
Available from: https://doi.org/10.1126/science.aag3194

37.	 Calderón-Garcidueñas L, Kavanaugh M, Block M, D’Angiulli A, 
Delgado-Chávez R, Torres-Jardón R, et al. Neuroinflammation, 
hyperphosphorylated tau, diffuse amyloid plaques, and down-
regulation of the cellular prion protein in air pollution exposed 
children and young adults. J Alzheimers Dis. 2012;28(1):93-107. 
Available from: https://doi.org/10.3233/JAD-2011-110722

38.	 Franz CE, Gustavson DE, Elman JA, Fennema-Notestine C, Hagler DJ 
Jr, Baraff A, et al. Associations between ambient air pollution and 
cognitive abilities from midlife to early old age: Modification by 
APOE genotype. J Alzheimers Dis. 2023;93(1):193-209. Available 
from: https://doi.org/10.3233/JAD-221184

39.	 Block ML, Calderón-Garcidueñas L. Air pollution: Mechanisms 
of neuroinf lammation and CNS disease. Trends Neurosci . 
2009;32(9):506-516. Available from: https://doi.org/10.1016/j.
tins.2009.05.009

40.	 Bjørklund G, Dadar M, Mutter J, Aaseth J. The toxicology of mercury: 
Current research and emerging trends. Environ Res. 2017;159:545-
554. Available from: https://doi.org/10.1016/j.envres.2017.08.051

41.	 Maher BA, Ahmed IA, Karloukovski V, MacLaren DA, Foulds PG, 
Allsop D, et al. Magnetite pollution nanoparticles in the human brain. 
Proc Natl Acad Sci U S A. 2016;113(39):10797-10801. Available from: 
https://doi.org/10.1073/pnas.1605941113

42.	 Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell 
PC Jr, Small GW, et al. Gene dose of apolipoprotein E type 4 allele 
and the risk of Alzheimer’s disease in late onset families. Science. 
1993;261(5123):921-923. Available from: https://doi.org/10.1126/
science.8346443

43.	 Liu CC, Kanekiyo T, Xu H, Bu G. Apolipoprotein E and Alzheimer 
disease: R isk , mechanisms and therapy. Nat Rev Neurol . 
2013;9(2):106-118. Available from: https://doi.org/10.1038/
nrneurol.2012.263

44.	 Serrano-Pozo A, Growdon JH. Is Alzheimer’s disease risk modifiable? 
J Alzheimers Dis. 2019;67(3):795-819. Available from: https://doi.
org/10.3233/JAD-180980

45.	 Bateman RJ, Aisen PS, De Strooper B, Fox NC, Lemere CA, Ringman 
JM, et al. Autosomal-dominant Alzheimer’s disease: A review and 
proposal for the prevention of Alzheimer’s disease. Alzheimers Res 
Ther. 2011;3(1):1. Available from: https://doi.org/10.1186/alzrt59

46.	 Karch CM, Goate AM. Alzheimer’s disease risk genes and mechanisms 
of disease pathogenesis. Biol Psychiatry. 2015;77(1):43-51. Available 
from: https://doi.org/10.1016/j.biopsych.2014.05.006

47.	 Kunkle BW, Grenier-Boley B, Sims R, Bis JC, Damotte V, Naj AC, 
et al. Genetic meta-analysis of diagnosed Alzheimer’s disease 
identifies new risk loci and implicates Aβ, tau, immunity and lipid 
processing. Nat Genet. 2019;51(3):414-430. Available from: https://
doi.org/10.1038/s41588-019-0358-2

48.	 Escott-Price V, Myers AJ, Huentelman M, Hardy J. Polygenic risk 

score analysis of pathologically confirmed Alzheimer disease. 
Ann Neurol. 2017;82(2):311-314. Available from: https://doi.
org/10.1002/ana.24999

49.	 Deckers K, Van Boxtel MPJ, Schiepers OJG, De Vugt M, Munoz Sanchez 
JL, Anstey KJ, et al. Target risk factors for dementia prevention: A 
systematic review and Delphi consensus study on the evidence from 
observational studies. Int J Geriatr Psychiatry. 2015;30(3):234-246. 
Available from: https://doi.org/10.1002/gps.4245

50.	 Peters R, Ee N, Peters J, Booth A, Mudway I, Anstey KJ. Air 
pollution and dementia: A systematic review. J Alzheimers Dis. 
2019;70(s1):S145-S163. Available from: https://doi.org/10.3233/
JAD-180631

51.	 Pettigrew C, Soldan A. Defining cognitive reserve and implications 
for cognitive aging. Curr Neurol Neurosci Rep. 2019;19(1):1. 
Available from: https://doi.org/10.1007/s11910-019-0917-z

52.	 Yu JT, Xu W, Tan CC, Andrieu S, Suckling J, Evangelou E, et al. 
Evidence-based prevention of Alzheimer’s disease: Systematic 
review and meta-analysis of 243 observational prospective 
studies and 153 randomised controlled trials. J Neurol Neurosurg 
Psychiatry. 2020;91(11):1201-1209. Available from: https://doi.
org/10.1136/jnnp-2019-321913

53.	 Mangialasche F, Kivipelto M, Solomon A, Fratiglioni L. Dementia 
prevention: Current epidemiological evidence and future 
perspective. Alzheimers Res Ther. 2012;4(1):6. Available from: 
https://doi.org/10.1186/alzrt104

54.	 Norton S, Matthews FE, Barnes DE, Yaffe K, Brayne C. Potential 
for primary prevention of Alzheimer’s disease: An analysis of 
population-based data. Lancet Neurol. 2014;13(8):788-794. 
Available from: https://doi.org/10.1016/S1474-4422(14)70136-X

55.	 Whitmer RA, Baker LD, Carrillo MC, Snyder HM, Cleveland ML, 
Gitelman DR, et al. Baseline characteristics of the US Study to Protect 
Brain Health Through Lifestyle Intervention to Reduce Risk (US 
POINTER): Successful enrollment of a diverse clinical trial cohort at 
risk for cognitive decline. Alzheimers Dement. 2025;21(6):e70351. 
Available from: https://doi.org/10.1002/alz.70351

56.	 Prince M, Wimo A, Guerchet M, Ali GC, Wu YT, Prina M. World 
Alzheimer Report 2015: The global impact of dementia. London: 
Alzheimer’s Disease International; 2015. Available from: https://
www.alzint.org/resource/world-alzheimer-report-2015/

57.	 Long JM, Holtzman DM. Alzheimer disease: An update on 
pathobiology and treatment strategies. Cell. 2019;179(2):312-339. 
Available from: https://doi.org/10.1016/j.cell.2019.09.001

58.	 Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R, Hill R, et 
al. Physical basis of cognitive alterations in Alzheimer’s disease: 
Synapse loss is the major correlate of cognitive impairment. 
Ann Neurol. 1991;30(4):572-580. Available from: https://doi.
org/10.1002/ana.410300410

59.	 Heppner FL, Ransohoff RM, Becher B. Immune attack: The 
role of inflammation in Alzheimer disease. Nat Rev Neurosci. 
2015;16(6):358-372. Available from: https://doi.org/10.1038/
nrn3880

60.	 Iadecola C. The pathobiology of vascular dementia. Neuron. 
2013;80(4):844-866. Available from: https://doi.org/10.1016/j.
neuron.2013.10.008

61.	 Biessels GJ, Despa F. Cognitive decline and dementia in diabetes 
mellitus: Mechanisms and clinical implications. Nat Rev Endocrinol. 
2018;14(10):591-604. Available from: https://doi.org/10.1038/
s41574-018-0048-7

62.	 Anstey KJ, von Sanden C, Salim A, O’Kearney R. Smoking as a risk 
factor for dementia and cognitive decline: A meta-analysis of 
prospective studies. Am J Epidemiol. 2007;166(4):367-378. Available 
from: https://doi.org/10.1093/aje/kwm116

63.	 Whitmer RA, Sidney S, Selby J, Johnston SC, Yaffe K. Midlife 
cardiovascular risk factors and risk of dementia in late life. 
Neurology. 2005;64(2):277-281. Available from: https://doi.
org/10.1212/01.WNL.0000149519.47454.F2

64.	 Stern Y. What is cognitive reserve? Theory and research application 
of the reserve concept. J Int Neuropsychol Soc. 2002;8(3):448-460. 
Available from: https://doi.org/10.1017/S1355617702813248



Kumar Kirwale et al.

Int. J. Pharm. Sci. Drug Res., July-August 2026, Vol 18, Issue 4, 219-231230

65.	 McEwen BS, Morrison JH. The brain on stress: Vulnerability and 
plasticity of the prefrontal cortex over the life course. Neuron. 
2013;79(1):16-29. Available from: https://doi.org/10.1016/j.
neuron.2013.06.028

66.	 Costa LG, Cole TB, Dao K, Chang YC, Garrick JM. Developmental 
impact of air pollution on brain function. Neurochem Int . 
2019;131:104580. Available from: https://doi.org/10.1016/j.
neuint.2019.104580

67.	 Valenzuela M, Sachdev P. Can cognitive exercise prevent the onset 
of dementia? Systematic review of randomized clinical trials with 
longitudinal follow-up. Am J Geriatr Psychiatry. 2009;17(3):179-187. 
Available from: https://doi.org/10.1097/JGP.0b013e3181953b57

68.	 Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A, Chaddock L, et 
al. Exercise training increases size of hippocampus and improves 
memory. Proc Natl Acad Sci U S A. 2011;108(7):3017-3022. Available 
from: https://doi.org/10.1073/pnas.1015950108

69.	 Fratiglioni L, Paillard-Borg S, Winblad B. An active and socially 
integrated lifestyle in late life might protect against dementia. 
Lancet Neurol. 2004;3(6):343-353. Available from: https://doi.
org/10.1016/S1474-4422(04)00767-7

70.	 Scarmeas N, Stern Y, Tang MX, Mayeux R , Luchsinger JA . 
Mediterranean diet and risk for Alzheimer’s disease. Ann Neurol. 
2006;59(6):912-921. Available from: https://doi.org/10.1002/
ana.20854

71.	 Hill NT, Mowszowski L, Naismith SL, Chadwick VL, Valenzuela M, 
Lampit A. Computerized cognitive training in older adults with 
mild cognitive impairment or dementia: A systematic review and 
meta-analysis. Am J Psychiatry. 2017;174(4):329-340. Available 
from: https://doi.org/10.1176/appi.ajp.2016.16030360

72.	 Kuiper JS, Zuidersma M, Oude Voshaar RC, Zuidema SU, van den 
Heuvel ER, Stolk RP, et al. Social relationships and risk of dementia: 
A systematic review and meta-analysis of longitudinal cohort 
studies. Ageing Res Rev. 2015;22:39-57. Available from: https://
doi.org/10.1016/j.arr.2015.04.006

73.	 Brayne C. Research and Alzheimer’s disease: An epidemiological 
perspective. Psychol Med. 1993;23(2):287-296. Available from: 
https://doi.org/10.1017/S0033291700028452

74.	 Stern Y. Cognitive reserve and Alzheimer disease. Alzheimer Dis 
Assoc Disord. 2006;20(2):112-117. Available from: https://doi.
org/10.1097/01.wad.0000213815.20177.19

75.	 Tucker-Drob EM, Briley DA. Continuity of genetic and environmental 
inf luences on cognition across the life span: A meta-analysis 
of longit udinal t w in and adopt ion st udies . Psychol Bull . 
2014;140(4):949-979. Available from: https://doi.org/10.1037/
a0035893

76.	 Khera N, Raju RM, Lipton SA. The transcriptional and cellular 
landscape of cognitive resilience to Alzheimer’s disease. Front 
Mol Neurosci. 2025;18:1665802. Available from: https://doi.
org/10.3389/fnmol.2025.1665802

77.	 Arenaza-Urquijo EM, Vemuri P. Resistance vs resilience to Alzheimer 
disease: Clarifying terminology for preclinical studies. Neurology. 
2018;90(15):695-703. Available from: https://doi.org/10.1212/
WNL.0000000000005303

78.	 Seshadri S, Wolf PA, Beiser A, Au R, McNulty K, White R, et al. 
Lifetime risk of dementia and Alzheimer’s disease: The impact of 
mortality on risk estimates in the Framingham Study. Neurology. 
1997;49(6):1498-1504. Available from: https://doi.org/10.1212/
WNL.49.6.1498

79.	 Marmot M, Brunner E. Cohort profile: The Whitehall II study. 
Int J Epidemiol. 2005;34(2):251-256. Available from: https://doi.
org/10.1093/ije/dyh372

80.	 . Sabia S, Dugravot A, Dartigues JF, Abell J, Elbaz A, Kivimäki M, 
et al. Physical activity, cognitive decline, and risk of dementia: 28 
year follow-up of Whitehall II cohort study. BMJ. 2017;357:j2709. 
Available from: https://doi.org/10.1136/bmj.j2709

81.	 Gertler P, Heckman J, Pinto R, Zanolini A, Vermeersch C, Walker 
S, et al. Labor market returns to an early childhood stimulation 
intervention in Jamaica. Science. 2014;344(6187):998-1001. 
Available from: https://doi.org/10.1126/science.1251178

82.	 Victora CG, Adair L, Fall C, Hallal PC, Martorell R, Richter L, et al. 
Maternal and child undernutrition: Consequences for adult health 
and human capital. Lancet. 2008;371(9609):340-357. Available 
from: https://doi.org/10.1016/S0140-6736(07)61692-4

83.	 Barnes DE, Yaffe K. The projected effect of risk factor reduction on 
Alzheimer’s disease prevalence. Lancet Neurol. 2011;10(9):819-828. 
Available from: https://doi.org/10.1016/S1474-4422(11)70072-2

84.	 Prince M, Bryce R, Albanese E, Wimo A, Ribeiro W, Ferri CP. The 
global prevalence of dementia: A systematic review and meta-
analysis. Alzheimers Dement. 2013;9(1):63-75.e2. Available from: 
https://doi.org/10.1016/j.jalz.2012.11.007

85.	 Sofi F, Abbate R, Gensini GF, Casini A. Accruing evidence on 
benefits of adherence to the Mediterranean diet on health: An 
updated systematic review and meta-analysis. Am J Clin Nutr. 
2010;92(5):1189-1196. Available from: https://doi.org/10.3945/
ajcn.2010.29673

86.	 Grande G, Ljungman PL, Eneroth K, Bellander T, Rizzuto D. 
Association between cardiovascular disease and long-term 
exposure to air pollution with the risk of dementia. JAMA Neurol. 
2020;77(7):801-809. Available from: https://doi.org/10.1001/
jamaneurol.2020.0978

87.	 Black RE, Victora CG, Walker SP, Bhutta ZA, Christian P, de Onis M, et 
al. Maternal and child undernutrition and overweight in low-income 
and middle-income countries. Lancet. 2013;382(9890):427-451. 
Available from: https://doi.org/10.1016/S0140-6736(13)60937-X

88.	 Heckman JJ. Skill formation and the economics of investing in 
disadvantaged children. Science. 2006;312(5782):1900-1902. 
Available from: https://doi.org/10.1126/science.1128898

89.	 Erickson KI, Hillman CH, Kramer AF. Physical activity, brain, and 
cognition. Curr Opin Behav Sci. 2015;4:27-32. Available from: 
https://doi.org/10.1016/j.cobeha.2015.01.005

90.	 Scarmeas N, Luchsinger JA, Mayeux R, Stern Y. Mediterranean diet 
and Alzheimer disease mortality. Neurology. 2007;69(11):1084-
10 9 3 .  A v a i l a b l e  f r o m :  h t t p s : //d o i . o r g / 10 . 1 2 1 2/ 0 1 .
wnl.0000277320.50685.7c

91.	 Hertzog C, Kramer AF, Wilson RS, Lindenberger U. Enrichment 
effects on adult cognitive development: Can the functional capacity 
of older adults be preserved and enhanced? Psychol Sci Public 
Interest. 2008;9(1):1-65. Available from: https://doi.org/10.1111/
j.1539-6053.2009.01034.x

92.	 SPRINT MIND Investigators for the SPRINT Research Group, 
Williamson JD, Pajewski NM, Auchus AP, Bryan RN, Chelune G, et al. 
Effect of intensive vs standard blood pressure control on probable 
dementia: A randomized clinical trial. JAMA. 2019;321(6):553-561. 
Available from: https://doi.org/10.1001/jama.2018.21442

93.	 Heckman JJ, Mosso S. The economics of human development and 
social mobility. Annu Rev Econ. 2014;6(1):689-733. Available from: 
https://doi.org/10.1146/annurev-economics-080213-040753

94.	 World Health Organization. Global action plan on the public 
health response to dementia 2017–2025. Geneva: World Health 
Organization; 2017. Available from: https://apps.who.int/iris/
handle/10665/259615

95.	 Prince M, Comas-Herrera A, Knapp M, Guerchet M, Karagiannidou M. 
World Alzheimer Report 2016: Improving healthcare for people living 
with dementia: Coverage, quality and costs now and in the future. 
London: Alzheimer’s Disease International; 2016. Available from: 
https://www.alzint.org/resource/world-alzheimer-report-2016/

96.	 Vos T, Lim SS, Abbafati C, Abbas KM, Abbasi M, Abbasifard M, et 
al. Global burden of 369 diseases and injuries in 204 countries 
and territories, 1990–2019: A systematic analysis for the Global 
Burden of Disease Study 2019. Lancet. 2020;396(10258):1204-1222. 
Available from: https://doi.org/10.1016/S0140-6736(20)30925-9

97.	 Mielke MM, Anderson M, Ashford JW, Jeromin A, Lin PJ, Rosen 
A, et al. Recommendations for clinical implementation of blood-
based biomarkers for Alzheimer’s disease. Alzheimers Dement. 
2024;20(11):8216-8224. Available from: https://doi.org/10.1002/
alz.14216

98.	 Self WK, Holtzman DM. Emerging diagnostics and therapeutics for 
Alzheimer disease. Nat Med. 2023;29(9):2187-2199. Available from: 



Alzheimer’s Disease Across the Lifespan: A Comparative Review of Early-Life Determinants and Adult Neurodegeneration

Int. J. Pharm. Sci. Drug Res., July-August, Vol 18, Issue 4, 219-231 231

https://doi.org/10.1038/s41591-023-02531-z
99.	 Seong SJ, Kim BN, Kim KW. Comparative analysis on the policy 

approaches in the national dementia plans of G7 countries and Korea 
and their implementation. J Korean Med Sci. 2023;38(30):e244. 
Available from: https://doi.org/10.3346/jkms.2023.38.e244

100.	 Feigin VL, Stark BA, Johnson CO, Roth GA, Bisignano C, Abady GG, 
et al. Global, regional, and national burden of stroke and its risk 
factors, 1990–2019: A systematic analysis for the Global Burden of 
Disease Study 2019. Lancet Neurol. 2021;20(10):795-820. Available 
from: https://doi.org/10.1016/S1474-4422(21)00252-0

101.	Rafii MS, Aisen PS. Detection and treatment of Alzheimer’s disease 
in its preclinical stage. Nat Aging. 2023;3(5):520-531. Available 
from: https://doi.org/10.1038/s43587-023-00393-4

102.	Jack CR Jr, Bennett DA, Blennow K, Carrillo MC, Dunn B, Haeberlein 
SB, et al. NIA-AA research framework: Toward a biological definition 
of Alzheimer’s disease. Alzheimers Dement. 2018;14(4):535-562. 
Available from: https://doi.org/10.1016/j.jalz.2018.02.018

103.	Dubois B, von Arnim CA, Burnie N, Bozeat S, Cummings J. 
Biomarkers in Alzheimer’s disease: Role in early and differential 
diagnosis and recognition of atypical variants. Alzheimers Res 
Ther. 2023;15(1):175. Available from: https://doi.org/10.1186/
s13195-023-01318-8

104.	 Hansson O, Blennow K, Zetterberg H, Dage J. Blood biomarkers 
for Alzheimer’s disease in clinical practice and trials. Nat Aging. 
2023;3(5):506-519. Available from: https://doi.org/10.1038/
s43587-023-00372-9

105.	Pais MV, Forlenza OV, Diniz BS. Plasma biomarkers of Alzheimer’s 
disease: A review of available assays, recent developments, 
and implications for clinical practice. J Alzheimers Dis Rep. 
2023;7(1):355-380. Available from: https://doi.org/10.3233/ADR-
220166

106.	 . Van Dyck CH, Swanson CJ, Aisen P, Bateman RJ, Chen C, Gee 
M, et al. Lecanemab in early Alzheimer’s disease. N Engl J Med. 
2023;388(1):9-21. Available from: https://doi.org/10.1056/
NEJMoa2212948

107.	Sims JR, Zimmer JA, Evans CD, Lu M, Ardayfio P, Sparks J, 
et al. Donanemab in early symptomatic Alzheimer disease: 
The TR AILBLAZER-ALZ 2 randomized clinical trial. JAMA. 

2023;330(6):512-527. Available from: https://doi.org/10.1001/
jama.2023.13239

108.	 Palmqvist S, Janelidze S, Quiroz YT, Zetterberg H, Lopera F, 
Stomrud E, et al. Discriminative accuracy of plasma phospho-tau217 
for Alzheimer disease vs other neurodegenerative disorders. JAMA. 
2020;324(8):772-781. Available from: https://doi.org/10.1001/
jama.2020.12134

109.	Hansson O. Biomarkers for neurodegenerative diseases. Nat Med. 
2021;27(6):954-963. Available from: https://doi.org/10.1038/
s41591-021-01382-x

110.	Bellenguez C, Küçükali F, Jansen IE, Kleineidam L, Moreno-Grau S, 
Amin N, et al. New insights into the genetic etiology of Alzheimer’s 
disease and related dementias. Nat Genet. 2022;54(4):412-436. 
Available from: https://doi.org/10.1038/s41588-022-01024-z

111.	World Health Organization. Risk reduction of cognitive decline and 
dementia: WHO guidelines. Geneva: World Health Organization; 
2019. Available from: https://iris.who.int/handle/10665/312180

112.	 Andrieu S, Guyonnet S, Coley N, Cantet C, Bonnefoy M, Bordes 
S, et al. Effect of long-term omega-3 polyunsaturated fatty acid 
supplementation with or without multidomain intervention on 
cognitive function in elderly adults with memory complaints 
(MAPT): A randomised, placebo-controlled trial. Lancet Neurol. 
2017;16(5):377-389. Available from: https://doi.org/10.1016/
S1474-4422(17)30040-6

113.	van Charante EPM, Richard E, Eurelings LS, van Dalen JW, Ligthart 
SA, van Bussel EF, et al. Effectiveness of a 6-year multidomain 
vascular care intervention to prevent dementia (preDIVA): A cluster-
randomised controlled trial. Lancet. 2016;388(10046):797-805. 
Available from: https://doi.org/10.1016/S0140-6736(16)30950-3

114.	Jadhav D, Saraswat N, Vyawahare N, Shirode D. Targeting 
themolecular web of Alzheimer’s disease: unveiling pathways 
foref fect ive pharmacotherapy. Eg ypt J Neurol Psychiatr y 
Neurosurg.2024;60(1):7. doi:10.1186/s41983-023-00775-8.

115.	Jadhav D, Saraswat N, Vyawahare N, Shirode D. Evaluation 
ofneuroprotective effect of Cassia occidentalis L. against colchicine-
induced memory impairment in Wistar rats. Curr Nutraceuticals. 
2024;5(1):e261223224844.doi:10.2174/0126659786275281231
207115631.

HOW TO CITE THIS ARTICLE: Kirwale K, Shirode D,  Korde V, Pukale H, Bhoyarekar A. Alzheimer’s Disease Across the Lifespan: A Comparative 
Review of Early-Life Determinants and Adult Neurodegeneration Int. J. Pharm. Sci. Drug Res. 2026;18(4):219-231. DOI: 10.25004/IJPSDR.2026.180404


	Introduction
	Materials and Methods
	Materials
	Methods


