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This literature review examines how environmental determinants such as diet, exercise, stress, and pollution throughout
adolescence affect the risk of later life Alzheimer’s disease development. Alzheimer’s disease is a growing global health
concern with recent estimates of affected individuals continuing to rise. These estimates align with prior epidemiological
projections, confirming its accelerating worldwide threat. This review aims to address early determinants of brain health in
order to potentially protect future populations from developing Alzheimer’s. 127 articles were identified through academic
databases such as Google Scholar and Pub-Med, and following a full text examination, 59 of the studies met inclusion criteria
and are described below. Inclusion criteria for this review were based on whether the studies examined environmental factors
such as diet, physical activity, stress, or pollution, and their potential impact on cognitive function, brain aging, or Alzheimer’s
disease risk. The target population is defined as adolescents to young adults, specifically individuals between 10-29 years of age.
Due to a lack of adolescent-centered research in certain topics discussed in this review, studies with older age ranges were also
considered if they provided relevant insights into early-life exposures and their later-life effects. Only peer-reviewed research
articles published in English were included. Studies were excluded if they lacked information related to cognitive function, brain
aging, neuroinflammation, Alzheimer’s disease risk, or if they did not provide empirical data. The included studies suggested
that adolescents, especially those carrying a genetic predisposition such as APOE4, can be sensitive to environmental factors.
Lifestyle choices such as poor diet and low levels of physical activity often result in neuroinflammation, which has been shown
to increase rates of cognitive decline and increase Alzheimer’s disease risk. Similarly, pollution exposure and early life adversity
was seen to play roles in the compromising of protective barriers, as well as risk accelerating brain aging in regions crucial for
memory and decision making. Future research should identify ways to reduce environmental exposures during developmental
periods, and awareness should be spread regarding major pollutants affecting adolescents and the importance of maintaining
healthy habits to potentially reduce Alzheimer’s disease risk later in life.
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Introduction amyloid-beta (AB) plaques and tau protein tangles. A healthy
brain normally breaks down Af precursor protein into small
AP peptides that are later cleared away, but the development

of AD impairs this process. It allows peptides to clump to-

Alzheimer’s disease (AD) is regarded as a global health epi-
demic, with extensive research and clinical trials aimed at

finding a successful cure or creating memory-improving med-
ication for already affected individuals. While understanding
of the disease has increased throughout the years, a cure has
yet to be discovered. Over 55 million people live with demen-
tia worldwide, with 60-70% of these cases receiving an AD
diagnosis!. AD is characterized by progressive memory loss
and cognitive decline, which significantly affects a person’s
ability to live independently and manage daily tasks without
constant support from either family or personal caregivers?.
AD development is defined by two main biological features:
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gether and form clusters that develop into A3 plaques between
neurons which disrupt cell communication and trigger inflam-
mation, damaging nerve cells and leading to eventual cogni-
tive decline®. Another main feature of AD is tau pathology,
which involves the abnormal changing of tau proteins. Tau
protein supports cell structure and the transportation of chem-
icals. In AD, Tau becomes hyperphosphorylated and forms
neurofibrillary tangles (NFT), which accumulate inside neu-
rons and block cell transportation. This disrupts communica-
tion and leads to neuron damage and death. NFT’s are mainly
found in the hippocampus and frontal cortex, both of which
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are brain regions involved in decision making and memory. A
loss of these functions represents some of the defining features
of AD?.

Adolescence is a sensitive period of brain development
characterized by continuous changes in brain structure and
functions. Regions involved in memory, emotions, and de-
cision making continue to mature and grow as a person ages,
which makes the brain especially responsive to environmental
influences. This increased sensitivity, including the continued
development of the blood brain barrier, means that exposures
throughout adolescence can have long-term effects on brain
health and may take part in the development of neurologi-
cal changes and diseases later in life*. During adolescence,
factors such as a poor diet, chronic stress, physical inactiv-
ity, and air pollution can trigger inflammation in the brain.
This inflammation increases pro-inflammatory cytokines in-
cluding interleukin-18 (IL-1p), interleukin-6 (IL-6), and tu-
mor necrosis factor-alpha (TNF-«), which may interfere with
neural functioning essential for healthy cognitive function.
When inflammation continues over time, the brain’s protec-
tive mechanisms may fail to regulate it effectively, which can
contribute to oxidative stress and allow for the accumulation of
AP plaques and tau proteins. Although aging is the strongest
known risk factor for AD, research suggests that biological
changes associated with the disease may begin decades be-
fore clinical symptoms show signs of development®. Recent
work establishes adolescence as a critical developmental pe-
riod, during which adversity and genetic vulnerability may
contribute to accelerated brain aging, leaving a person vulner-
able to AD later in life?.

Despite growing evidence that environmental factors influ-
ence Alzheimer’s disease risk, most existing research has ex-
amined these factors individually or focused on exposures oc-
curring in adulthood or later life. There is currently a lack of
comprehensive reviews that integrate multiple environmental
influences, such as diet, physical activity, stress, and pollution,
during adolescence, a critical period of brain development.
This review addresses this gap by synthesizing findings across
multiple topics to examine how combined environmental ex-
posures during adolescence may contribute to neuroinflamma-
tion, accelerated brain aging, and overall biological changes
that may result in increased risk of Alzheimer’s disease devel-
opment later in life.

Methods

This literature review analyzed existing research on environ-
mental and behavioral factors during adolescence that increase
the risk of AD later in life. A systematic search of the aca-
demic databases PubMed and Google Scholar was conducted
on 6/18/25. The search strategy included combinations of the
following terms: “Genetic predisposition,” “Adolescent phys-

ical activity,” “Pollution in Alzheimer’s development,” “Early
life adversity,” and “Neuroprotective diets,”. These terms
were selected to find studies examining genetic, environmen-
tal, and lifestyle exposures during adolescence and their asso-
ciations with AD progression. All records identified through
the database searches were reviewed manually. Duplicate ar-
ticles were identified and removed before screening. Titles
and abstracts were screened to assess relevance to the review
topic. Studies were eligible for inclusion if they discussed
environmental, genetic, or behavioral exposures and reported
outcomes related to Alzheimer’s disease, cognitive decline, or
neurodegeneration. Studies were excluded if they did not as-
sess cognitive or AD development, or if they evaluated expo-
sures unrelated to the review question. Full-text articles meet-
ing the inclusion criteria were reviewed to determine final in-
corporation. The study selection process is summarized using
a PRISMA 2020 flow diagram.

\ Identification of studies via databases and registers |

—
Records removed before
g screening:
;{g- Records identified from*: Duplicate records removed (n
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— l
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Reports sought for retrieval | Reports not retrieved
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Figure. 1 PRISMA flow diagram illustrating the study selection pro-
cess for the literature review.

Data were extracted from included studies using a standard-
ized approach. Information collected included study design,
characteristics of included populations, the type and timing of
exposure, outcomes related to cognition or Alzheimer’s dis-
ease, and the main findings. The extraction process was fo-
cused on identifying patterns and associations relevant to AD
risk later in life. Because this review was aimed at providing a
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broad overview of available evidence, a formal, in-depth qual-
ity or risk-of-bias assessment of the included studies was not
conducted. Study quality was therefore not used as criteria for
inclusion or exclusion.

Due to variety in study designs, exposure types, and out-
come measures, a narrative synthesis was conducted. Find-
ings were synthesized by recognizing recurring patterns across
studies examining genetic, environmental, and behavioral
contributors associated with Alzheimer’s disease risk.

A formal, in-depth quality assessment of the included stud-
ies was not performed. As a result, the risk of bias within
individual studies could not be fully evaluated, which may af-
fect the reliability of the findings. Conclusions drawn from
this review should therefore be interpreted with caution. Fu-
ture research could strengthen the evidence by incorporating
quality and risk-of-bias assessments.

Results

The literature search resulted in the identification of a total of
127 articles for title and abstract review. Following title and
abstract review a total of 73 were selected for full-text review.
In total, 59 studies met the inclusion criteria and are included
in this literature review.

The table summarizes the characteristics and main findings
of studies included in the literature review. Throughout in-
cluded studies, modifiable exposures and adolescent brain vul-
nerability consistently interacted to influence AD risk across
genetic, lifestyle, dietary, and environmental determinants.
Genetic factors, namely APOE4, and sex, repeatedly appeared
as strong predictors of increased vulnerability. Lifestyle fac-
tors, including poor diet, obesity, excessive sugar intake, and
low physical activity, were associated with an increased risk
of harmful cognitive changes, while adherence to the Mediter-
ranean diet and regular physical activity were associated with
improved cognitive function and reduced risk of decline. En-
vironmental exposures such as air pollution were also linked to
neuroinflammatory responses and structural changes that can
contribute to later neurodegeneration. Mental health factors
like depression showed evidence of shared genetic pathways
and possible relationships with AD. These findings support
the idea that AD can develop through interactions of biolog-
ical vulnerability and lifelong environmental influences, em-
phasizing the importance of early prevention strategies.

Discussion

ApoE Variant — Genetic Predisposition

Apolipoprotein E (APOE) is a 299-amino acid protein that
helps transport cholesterol and lipids in the brain. APOE has
three common alleles, APOE2, APOE3, and APOE4, and each

significantly differs from the other. The presence of APOE4
has been shown to increase risk of AD, while APOE2 pro-
tects against it and can even reduce risk of cognitive decline 8.
APOE3 is the most common genetic variation with an oc-
currence of 78% and is defined as the average risk. Though
APOE4 is present in less than 25% of the population, over
50% of AD patients are carriers, and given it has up to a 15-
fold increased AD risk, it suggests that APOE4 is one of the
strongest and most prevalent genetic risk factors associated
with AD’. The presence of APOE4 in AD cases leads to in-
creased A production, more toxic aggregation, and stronger
inflammation. It also reduces the brain glucose uptake that
allows for proper neural functioning. This may be related to
lower levels of LRP1, a protein that helps regulate glucose and
is often reduced in the brains of people with AD®,

Sex differences have also been identified as a factor in AD
risk. Women with APOE4 showed increased memory loss and
a smaller hippocampus than men, and scored worse on verbal
learning and fluency tests®.

In 3-month old APOE4 mice, neurons involved in spatial
learning had shorter branches and fewer spines, signal receiv-
ing structures, compared to those of the APOE2 and APOE3
mice?. Even without disease, APOE4 is associated with early
brain changes similar to those seen in AD®.

Diet Factors (Western vs Mediterranean)

The Western Diet, which is high in saturated fats, simple
sugars, additives, and processed foods, has been associated
with worsened cognition in older adults and increased AD
risk 3. Saturated fatty acids, found in fatty meats, full-fat
dairy, and coconut/palm oils, may increase brain inflamma-
tion and BACEI activity. BACEI is an enzyme involved in
the production of A3, and increased activity of it may con-
tribute to harmful buildup'?. A population-based study fol-
lowed 5,386 Dutch adults aged 55 and older for two years and
found that those who consumed more saturated fat, total fat,
and cholesterol had a greater risk of cognitive decline 2. Sim-
ilar findings have been reported in animal studies. Rats fed a
simple carbohydrate diet for 30 days showed inflammation in
the hippocampus, while mice fed a high saturated fat diet had
increased inflammation in the cortex and elevated TNF-«, IL-
6, and MCP-1'°. These cytokines are involved in immune
signaling and may contribute to neuroinflammation'”. The
Western Diet can also allow this to occur indirectly through
obesity and gut microbiome disruption, as it can weaken the
intestinal barrier and allow harmful microbial products to en-
ter the bloodstream, where they may initiate inflammation?®.
At the same time, adipose tissue releases inflammatory cy-
tokines that can cross the blood-brain-barrier and directly ac-
tivate microglia, the brain’s immune cells, and contribute to
neuroinflammation®. These findings suggest that the West-
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Table 1 summarizes the components of the main studies included in this review, including participant populations, environmental or behavioral
exposures, methodologies, findings, and relevance to AD risk.

(Author(s) | Participants Exposure(s) Methodology Key Findings Relevance to AD Risk
& Year)
(Beydoun | 644 Non-Hispanic APOE4 Longitudinal APOE4+ significantly Suggests that APOE4 is a
etal., Caucasian adults carrier status, | cohort study increased dementia risk. strong genetic risk factor for
2012)° from the Baltimore | sex as effect assessing Dementia risk did not differ dementia, with greater
Longitudinal Study | modifier dementia by sex, but APOE4+ women preclinical cognitive
of Aging (median incidence and showed stronger associations vulnerability in women,
follow-up 27.5 cognitive with verbal memory and especially with verbal
years) performance learning decline. memory.
over time.
(Ungaret | Adult participants APOE4 Genetic APOE genotype interacted Describes sex as a critical
al., from neuroimaging | genotype, association and with sex to influence brain modifier of genetic risk,
2014)7 cohorts sex brain imaging structure and functional reinforcing the need to
(middle-aged and analysis markers linked to consider biological
older adults) Alzheimer’s disease. These differences in Alzheimer’s
interactions were not evident disease susceptibility.
when sex was ignored.
(Jones & Human APOE Experimental Obesity exacerbated Suggests that lifestyle-related
Rebeck, observational genotype, animal studies cognitive deficits and metabolic factors can amplify
2019)8 cohorts and rodents | obesity, high | and human pathological features inherited Alzheimer’s disease
fat diets observational associated with APOE4. risk, emphasizing interactions
analyses Combined metabolic and between genes and
genetic risk produced greater environment.
impairment than either alone.
(Rodriguez| 3 to 18-mo-old APOE4 Behavioral APOE4 mice exhibited Provides evidence that
etal., APOEA4 targeted genotype testing and impaired spatial learning and APOEA4 contributes to early
2013)° replacement mice neuroanatomical | memory alongside reduced neural vulnerability long
analysis dendritic spine density in the before onset of Alzheimer’s
entorhinal cortex. These disease.
deficits emerged early in life.
(Bennet 86,067 healthy ApoE Meta-analysis of | People with 2 tend to have ApoE 4 is a major AD risk
etal., participants genotypes large lipid and lower “bad” cholesterol and factor; lipid and heart health
2007) 10 (lipids); 37,850 2,3,4) coronary studies lower heart disease risk; 4 may influence AD risk.
cases and 82,727 carriers have slightly higher
controls (coronary risk; effects on “good”
outcomes) cholesterol and triglycerides
are smaller.
(Morris et | 815 older adult Dietary fat Follow-up study Higher intake of saturated Shows diet, especially types
al., community intake with food and trans fats increased AD of fat, influences risk of AD;
2003) ! residents aged >65 | (saturated, questionnaires risk; higher intake of supports lifestyle
years, initially free trans, and clinical vegetable, omega-6, and interventions for prevention.
of AD omega-6, evaluation over monounsaturated fats was
monounsatu- | ~4 years linked to lower risk; total fat
rated) or cholesterol had no effect
(Kalmijn 1,613 adults aged Fatty acids Cross-sectional Higher intake of omega-3 and | Supports that neuroprotective
etal., 45-70 (marine study with food fatty fish linked to better diets early in adulthood,
2004) 12 omega-3, questionnaires overall cognition and especially omega-3 intake,
saturated, and cognitive processing speed; higher may protect against cognitive
cholesterol) testing cholesterol and saturated fat decline and AD risk.
and fish intake linked to worse
intake memory and flexibility
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(Alles et 1,388 (France), Nutrient Longitudinal In France, a healthy nutrient Suggested diet quality may
al., 1,439 (Canada), intake cohort studies pattern linked to better influence cognitive
2019) 13 older adults patterns with dietary baseline cognition; Western performance.
(healthy vs. assessment and pattern linked to lower
Western) repeated cognition. No associations in
cognitive testing Canada and no patterns
predicted cognitive decline
(Chonget | 1,209 Multi-ethnic Habitual Cross-sectional Higher sugar intake linked to Suggests excessive sugar
al., Malaysian adults sugar intake dietary survey worse cognitive function and may contribute to cognitive
2019) 14 aged >60 (total, free, with cognitive higher risk of impairment; decline, potentially
sucrose, testing (MMSE) cooked dishes and fruit intake | increasing AD risk
lactose, linked to better cognition.
sugar-
sweetened
foods/drinks)
(Yeetal.,, | 737 Puerto Rican Sugar intake Cross-sectional Higher intake of total sugars, Supports that high sugar
2011) 15 adults aged 45-75 (total, added, | dietary survey added sugars, and sugary intake may contribute to
without diabetes sugar- with cognitive drinks linked to worse cognitive decline,
sweetened testing (MMSE cognitive function and higher | potentially increasing AD
bever- and other risk of impairment; sugary risk.
ages/foods) cognitive tests) solid foods not linked.
(Hsu et Male rats, Sucrose and 30-day feeding In adolescent rats, HFCS-55 Suggests excessive sugar
al., adolescent and high-fructose | study with sugar | and sucrose impaired during critical
2015)16 adult corn syrup solutions and hippocampal learning and developmental periods may
consumption | behav- memory, increased harm brain regions involved
ioral/metabolic neuroinflammation and in memory, highlighting a
testing metabolic markers; adult rats potential early-life risk
showed no effects. factor for later cognitive
decline or AD.
(Pistellet | C57Bl/6 mice High-fat Feeding study Very high-fat diet impaired Diets that trigger brain
al., diets with cognitive cognition and increased brain | inflammation may harm
2010) 17 (Western diet | testing (Stone inflammation; Western diet cognition, indicating a
41% fat; T-maze) and increased weight but did not potential risk factor for AD
very high-fat | brain affect cognition
lard diet 60% | inflammation
fat) markers
(Scarmeas | 2,258 Adherence to | Prospective Higher adherence to the Suggests that overall dietary
etal., community-based, the MeDi cohort study MeDi was linked to lower patterns like the MeDi may
2006) '8 nondemented with repeated risk of developing AD, with reduce AD risk,
adults in New evaluations and those in the highest tertile highlighting diet as a
York, followed statistical models | showing a 40% lower risk modifiable factor in
prospectively every adjusting for compared to the lowest prevention.
1.5 years. demographics, tertile.
APOE genotype,
caloric intake,
smoking,
comorbidities,
and BMI.
(Singh et Prospective cohort Adherence to | Systematic Higher MeDi adherence was Supports that overall dietary
al., studies with the MeDi, review and associated with lower risk of patterns like the MeDi may
2014) 19 cognitively normal divided into meta-analysis cognitive impairment, protect against cognitive
adults or those at tertiles including a 33% reduced risk | decline and AD,
risk, followed for at for MCI or AD in the highest | highlighting diet as a
least 1 year. versus lowest tertile, and potential preventive
reduced risk of progression strategy.

from MCI to AD.
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at age 2.5 and increased
problems with inhibition
and impulsivity at age 5.5.

(Middleton | 9,344 U.S. women Physical activity | Cross-sectional Physical activity at any life | Indicates that physical
etal., aged 65 and older. at different life study using stage was linked to lower activity across the life
2010)20 stages (teenage self-reported odds of late-life cognitive course may reduce risk of
years, age 30, activity history impairment, with the cognitive impairment and
age 50, and late and cognitive strongest effect seen for possibly AD.
life). testing (NMMSE), | teenage activity; becoming
with adjustment active later in life was still
for health and beneficial.
demographic
factors.
(Buchman | 716 older adults Total daily Prospective cohort | Higher total daily physical Provides strong evidence
et al., without dementia. physical activity | study with activity was linked to lower | that overall daily
2012)2! measured continuous risk of developing AD and movement, not just
objectively with | activity a slower rate of cognitive formal exercise, may help
actigraphy. monitoring and decline, even after protect against AD and
annual cognitive accounting for other cognitive decline.
testing. activities, health factors,
and APOE status.
(Burns et 57 adults with Cardiorespiratory | Cross-sectional In early-stage AD, higher Suggests that higher
al., early-stage AD and | fitness measured | study using MRI cardiorespiratory fitness physical fitness may help
2008) 22 64 adults without by peak oxygen was linked to larger brain preserve brain structure,
dementia. consumption and white matter volumes potentially reducing brain
(VO, peak). and better performance on atrophy in AD.
some cognitive tasks.
These relationships were
not seen in cognitively
normal adults after
accounting for age.
(Calder6n- | Children aged 7-17 | Chronic Neuroimaging and | Pollution exposure was Suggests early
Garciduefas| years living in exposure to inflammatory associated with white environmental exposure
etal., polluted urban urban air biomarker analysis | matter abnormalities and may initiate
2012)% environments and pollution systemic inflammation. neurodegenerative
10 matched processes decades before
low-pollution Alzheimer’s disease
controls diagnosis.
(Calder6n- | Children living in Long-term Neuropathological | Chronic air pollution Suggests air pollution
Garcidueiias| the Mexico City exposure to analysis exposure is linked to early may initiate
etal., Metropolitan Area particulate Integrative review dysregulated neurodegenerative
2013)24 with chronic air matter air of neuroinflammation, processes early in life,
pollution exposure. | pollution. epidemiological, vascular damage, and increasing long-term risk
molecular, accumulation of tau tangles | for AD.
neuropathological, | and AB plaques.
and neuroimaging
evidence linking
air pollution to
brain
inflammation and
degeneration.
(Yorifujiet | 33,911 children Prenatal Longitudinal Higher prenatal air Suggests early-life air
al., from a nationwide exposure to population-based pollution exposure was pollution exposure may
2016)% Japanese birth traffic-related study linked to delays in early disrupt brain
cohort. air pollution verbal and fine motor skills | development, potentially

increasing vulnerability
to later cognitive decline
and neurodegeneration.
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(Harerimana | Genetic and cohort | Genetic Mendelian Depression and AD share Provides strong genetic
etal., data drawn from liability to randomization genetic risk, and depression | evidence that depression
2022)26 large GWAS depression analysis, Genetic | showed a causal effect on may directly contribute to
datasets and two correlation AD; depression-linked AD development,
independent analysis genetic signals regulated identifying biological
aging/AD cohorts. brain transcripts and pathways that help explain
proteins tied to AD this increased risk.
pathology, diagnosis, and
faster memory decline.
(Solmi et Global samples Age atonset | Meta-analysis Most mental disorders begin | Supports the concept that
al., 2022)27 | across 192 of mental before age 25, indicating early-life mental health may
epidemiological disorders early vulnerability periods. shape long-term
studies neurodegenerative risk.

ern Diet can contribute to neuroinflammation through both its
individual components and indirectly through metabolism and
gut health.

Simple carbohydrates such as sugary drinks and candy have
been associated with impaired cognition and an increase in
AD risk %, A cross-sectional study of 1,209 Malaysian adults
aged 60 and older found that higher sugar intake was signif-
icantly associated with lower Mini-Mental State Examination
(MMSE) scores, a test that assesses basic cognitive function-
ing. Cognitive impairment was present in 31.9% of partici-
pants, and those in the highest sugar intake group had over
three times the risk of cognitive impairment compared to the
lowest group. Higher consumption of fruits and home-cooked
meals was also linked to better brain function'#. Another
study of 737 Puerto Rican adults aged 45-75 without dia-
betes were also examined using the MMSE and other cogni-
tive tests, revealing that higher intakes of total and added sug-
ars, especially coming from sugar-sweetened beverages, were
associated with lower scores. Those in the highest sugar in-
take group had over twice the risk of cognitive impairment,
supporting prior findings from the Malaysian study>!.

Contrasting the highly processed Western Diet is the
Mediterranean diet (MeD1i) which has been increasingly stud-
ied for its neuroprotective benefits and potential role in AD
prevention !>1°. The MeDi is characterized by a high intake
of plant-based foods, whole grains, fish, olive oil, and a low
intake of red meat, which provide healthy fats and other nu-
trients tied to brain health. These fats include monounsatu-
rated fats (MUFA) that improve cholesterol, polyunsaturated
fats (PUFA) that improve heart health, along with polyphenols
and antioxidants that protect brain cells from damage. These
healthy fats have all been linked to better cognition and lower
AD risk if consumed regularly . One longitudinal study of
2,258 cognitively healthy individuals found that greater adher-
ence to the MeDi was associated with a 15-21% to 39-40%
reduction in AD risk depending on adherence level!3. The
healthy fat components support neurogenesis, the growth of
new brain cells, and reduce chronic inflammation, partly lead-

ing to this decrease in risk 2.

One significant component of the MeDi is omega-3 fatty
acids, specifically DHA from fish, which helps maintain brain
cell structure and reduce inflammation. In a study of over 800
older adults, eating just one fish meal per week was associ-
ated with a 60% lower risk of developing AD!'. An animal
study also found that omega-3 supplementation was associ-
ated with improved memory and increased hippocampal vol-
ume in mice. While these findings cannot be directly gener-
alizable to humans, they may still provide relevant insights as
memory pathways are conserved among mammals 3.

Polyphenols are plant-based compounds in fruits, vegeta-
bles, tea, red wine, olive oil, and dark chocolate, most of
which are commonly consumed in the MeDi. These com-
pounds are associated with reduced AD risk as they are able
to cross the blood-brain barrier, helping reduce inflamma-
tion and protect neurons from damage and AS accumula-
tion3*. A large study of over 16,000 women 70 and older
found that having an increased long-term intake of blueber-
ries and strawberry was linked to delayed cognitive decline
by up to 2.5 years>3%. Greater intake of anthocyanidins
and total flavonoids, anti-inflammatory compounds found in
berries, was also associated with slower decline. Regular
berry consumption may help preserve cognitive function with
age, potentially reducing the risk of developing AD3>. An-
other common polyphenol in the MeDi is oleuropein agly-
cone, a polyphenol found in olive oil, which has blocked both
AP and tau protein accumulation in lab studies®’. Consuming
a diet rich in polyphenols may help preserve cognitive func-
tion later in life and potentially lower AD risk, however, more
long-term human studies are still needed to determine which
specific polyphenols are most effective.

The MeDi is also rich in antioxidants that fight oxida-
tive stress, an imbalance between harmful molecules and the
body’s ability to neutralize them. This type of damage con-
tributes to AD by harming brain cells and worsening inflam-
mation3®. One antioxidant commonly consumed in the MeDi
is Vitamin E, found in fruits and vegetables such as avocados,
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Figure. 2 APOE4 mice had shorter neuron branches and fewer spines on their basal branches than APOE3 mice at just 3 months old.

mangos, and spinach. A clinical trial found that 2,000 IU/day
of vitamin E slowed functional decline in people with mild to
moderate AD compared to placebo3®. Most people consume
less than half the recommended daily amount of Vitamin E,
suggesting that insufficient intake may limit its potential pro-
tective effects*’.

Exercise

Higher levels of physical activity have been associated with a
lower risk of developing dementia®’. The brain maintains its
plasticity throughout adulthood, allowing physical activity to
increase volume and function of several brain regions, includ-
ing the hippocampus, a major affected site in AD. A meta-
analysis found that higher levels of physical activity were as-
sociated with a reduced risk of all-cause dementia by 28%,
and a 45% lower risk of AD*'. Another study examined the
relationship between self-reported physical activity across the
lifespan and late-life cognitive impairments (CI) in women
aged 65 years or older. At three time points (teenage, 30,
and 50), physical activity was associated with lower odds of
developing CI. When results from all three time points were
compared, physical activity during the teenage years had the
lowest odds of developing CI, possibly making physical activ-
ity early in life a strong, long-term contributor to maintaining
cognitive health. Because self-reported studies can be biased,
some studies have used actigraphy, a device worn on the wrist

or ankle to measure movement and activity energy expendi-
ture2. One study used actigraphy to measure daily physical
activity over a 10 day period for 716 older adults without de-
mentia and then proceeded to follow these individuals for four
years. Participants with higher levels of physical activity were
shown to have both a lower risk of developing AD and overall
slower cognitive decline, while in comparison lower levels of
physical activity had over twice the risk of developing AD?!.
These associations remained even after accounting for exter-
nal factors like education, depression, and APOE genotype
presence.

Benefits of physical activity have also been observed in in-
dividuals with AD. One study of 57 participants with early-
stage AD and 64 without any type of dementia found that
greater cardiorespiratory fitness was associated with larger
whole brain and white matter volume. Other randomized
controls found that exercise increased gray matter volume in
the hippocampus*?. Participants without the APOE4 gene
showed the most improvement, and these benefits lasted for
six months after the trial ended. Similar structural changes
were found before AD even developed. 299 older adults
around 78 years old were examined to determine the long-term
effects of walking on brain health. Participants who reported
more blocks walked on average a week had greater gray mat-
ter volume in areas important for memory function such as the
hippocampus, frontal, and entorhinal regions. Thirteen years
after initial data collection, those with greater gray matter vol-
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3 Cognitively normal to Alzheimer's disease

3.1 Continuous MeDi Score

AD CN Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE Total Total Weight IV,Random,95%Cl 1V, Random, 95%Cl
Feart 2009 -0.0147 0.0876 51 1410 18.8% 0.99[0.83, 1.17] S
Scarmeas 2006 -0.0988 0.0422 219 1759 81.2% 0.91[0.83, 0.98] .
Total (95%Cl) 270 3169 100.0% 0.92 [0.85, 0.99] <&
Heterogeneity: Tau? = 0.00; Chi* = 0.75, df = 1 (P = 0.39); P = 0% 05 0‘7 ] 1j'5 2
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Figure. 3 Neuroprotective components of the Mediterranean diet and their proposed mechanisms relevant to AD risk.

ume were half as likely to develop any type of cognitive im-
pairment 2,

These structural changes may also be related to improve-
ments in memory. Fitter individuals had larger hippocampus
volume and performed better on a spatial memory task, sug-
gesting that fitness-related changes in the brain may help con-
tribute to these stronger memory performances*3. Increased
levels of physical activity have also been seen to increase
blood flow to the hippocampus while completing cognitive
tasks, which may support hippocampus function and memory
processes *+.

Exercise has been linked to increased levels of Brain-
Derived Neurotrophic Factor (BDNF), a protein that helps
with long-term memory formation. Since BDNF levels gen-
erally decline with age, this increase may help preserve cog-
nitive function?. Changes in brain volume, blood flow, and
BDNF can help explain the association between physical ac-
tivity levels and lower AD risk.

Environmental Pollutants

Children are vulnerable to the adverse health effects of air pol-
Iution because they breathe more air relative to body size dur-

ing a period when their lungs and protective barriers, includ-
ing the blood-brain barrier and the nasal and gut epithelia, are
still developing*#6. High levels of air pollution during child-
hood can interfere with the development of these barriers and
reduce their ability to protect the brain from harmful parti-
cles*’. Once pollutants enter the body, they can activate in-
nate immune responses that increase the release of cytokines
that trigger inflammation. Cytokines such as interleukin-183
(IL-1B), interleukin-6 (IL-6), and tumor necrosis factor-alpha
(TNF-a) can cause immune cells to release toxic substances
that damage tissue>*. The brain contains receptors for these
cytokines, with some able to cross the blood-brain barrier,
allowing inflammation outside the brain to affect the central
nervous system*’. This reaction can lead to widespread neu-
roinflammation that damages regions involved in memory and
cognition, including the prefrontal and frontal cortex, olfac-
tory bulb, and hippocampus?*. Inflammation in these areas
may accelerate the buildup of Af plaques and abnormal ac-
cumulation of tau proteins, both of which are main features of
the disease?*.

Studies of children exposed to high air pollution show white
matter hyperintensities (WMH) that destroy neuron communi-
cation*®. WMH have been linked to cognitive deficits and ele-
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vated TNF-« levels in adolescents exposed to highly polluted
urban areas*®#. Children exposed to particulate matter (PM)
have also shown higher levels of endothelin-1 (ET-1), a pro-
tein that constricts blood vessels. This may restrict blood flow
to the brain and reduce oxygen supply to neurons>’>!. Should
this shortage continue, it will often lead to lasting injury or
cell death.

Autopsy samples from 35 pollution-exposed children and
young adults and 8 controls were analyzed for changes in gene
expression related to oxidative stress, inflammation, and neu-
rodegeneration. Within the exposed group, 40% showed tau
hyperphosphorylation with some pre-tangle material, while
51% had diffuse Af plaques. No change was found in con-
trol group??. The lack of these changes in controls suggests
that constant pollution exposure may contribute to AD-related
processes in a continuously developing brain??. A study of
55 healthy children from Mexico City, a heavily polluted area,
and 18 children from a less polluted area found that pollution-
exposed children had lower performance on fluid and crys-
talized cognitive tasks, and 56% of them had WMH on MRI
scans>2. In the same study, 7 dogs with similar exposure to air
pollution were compared, finding that 57% had brain lesions
comparable to those of the exposed children, as well as signs
of neuroinflammation, gliosis, and particulate matter deposits
in their brain tissue>Z. Beyond structural changes, research
outside of Mexico City has looked at how air pollution expo-
sure may affect childhood development. A large population-
based study of 33,911 children in Japan examined the effects
of prenatal exposure to air pollution on child development.

Higher prenatal exposure to pollutants such as nitrogen
dioxide and particulate matter was associated with delays in
verbal and motor milestones by age 2.5, as well as increased
impulsivity and difficulty expressing emotions by age 5.5%2.
This suggests that exposure before birth may continue to affect
brain development during early childhood. Though, further
research is needed to determine whether these developmental
delays are related to AD risk.

Early Life Adversity and Stress

During adolescence, the brain continues to develop while re-
maining sensitive to environmental influences, with more than
one third of mental health disorders first appearing during this
period3. One example is major depressive disorder (MDD),
which usually begins around ages 14-15 and involves changes
in the prefrontal cortex (PFC), a region involved in cognition
and coping>*. The PFC normally continues maturing into the
late twenties, so differences in the timing of its development
may affect mental health. Earlier maturation may shorten the
period for fine-tuning, while delayed maturation may create
an imbalance between stronger reward-seeking impulses and
weaker cognitive control®> 7. These differences can leave

adolescents more vulnerable to MDD and difficulties with
self-regulation.

A study using data from 980 caucasian children ages 9-
13 in the Adolescent Brain Cognitive Development study ex-
amined how early life adversity and genetic susceptibility to
MDD or AD were related to brain development. Adoles-
cents with greater genetic susceptibility and early life adver-
sity showed faster, GABA-related development in visual at-
tention networks but slower, dopamine and glutamate-related
development in networks involved in executive function and
movement>8, Sensitivity to stress may affect brain develop-
ment in adolescents with a genetic risk for MDD or AD, which
could potentially help to explain the possible connection be-
tween MDD and later life dementia.

Clinical and Public Health Implications

Adolescence may provide an earlier opportunity to address
modifiable factors associated with later AD risk. Because the
brain continues to develop during this period, it is responsive
to dietary habits, psychosocial experiences, and physical ac-
tivity levels.

Diets rich in antioxidants, polyphenols, omega-3 fatty acids,
and vitamin E have been associated with lower neuroinflam-
mation and better cognitive functioning3®4°. School-based
programs could promote these dietary patterns and reduce ac-
cess to foods high in saturated fats, refined sugars, and pro-
cessed ingredients. Establishing healthier habits during ado-
lescence may help limit systemic inflammation overtime '7-38.
Schools could also support regular physical activity through
daily recess, structured physical education classes, and offered
after-school sports. Consistent exercise may promote neuro-
genesis and increase neurotrophic support, which could help
protect long-term cognitive resilience and health, even in ado-
lescents genetically predisposed to AD?2.

Psychological and emotional factors may also influence
adolescent brain development in regions supporting mem-
ory, decision-making, and emotion regulation. Adolescents
exposed to constant stress or difficult home environments
may have a greater risk of long-term cognitive and emo-
tional difficulties, which could increase their vulnerability to
cognitive decline and AD development later in life*. Ac-
cessible counseling and school or community-based men-
tal health programs can help adolescents encourage healthy
stress-managing habits and support healthy brain develop-
ment.

These interventions may support long-term brain health by
addressing modifiable factors during adolescence, although
their direct effects on AD specifically require further research.
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Limitations of the Field

Several studies focused on individuals between the ages of 10
and 29, providing evidence about how environmental expo-
sures during these years may affect brain development and
cognitive health later in life. However, research focused on
this age group is limited. Some of the literature therefore
draws from studies involving older adults and animal mod-
els to examine processes such as neuroinflammation, synaptic
dysfunction, and brain aging to help explain how certain risk
factors may affect the brain. Though, differences between an-
imal and human biology limit how these findings can be ap-
plied to people, and findings from fully developed adult brains
may also not reflect how the adolescent brain responds to those
same factors. More longitudinal studies following adolescent
populations into adulthood are needed.

Socioeconomic differences like access to healthcare, nutri-
tious foods, and clean air might not have been considered in
all the studies included in this review. These differences may
have influenced the reported associations between diet, pollu-
tion, stress, and cognitive health. In lower income commu-
nities, nutritious foods are often less affordable or more dif-
ficult to find, which can shape people’s dietary habits. These
communities may also be located closer to factories or ma-
jor roads. Therefore, socioeconomic disparities could partly
explain differences in environmental exposures and their cog-
nitive outcomes. Future research should account for these fac-
tors when looking at their possible relationship with AD.

The racial, ethnic, geographical concentrations of study
populations also limits how widely certain findings can be ap-
plied. For example, one study included only Caucasian chil-
dren, leaving uncertainty about whether the same associations
would appear within a more diverse population. Much of the
evidence in this review also came from neuropathology re-
ports involving children from Mexico City. Local pollution
levels may differ from those in other regions, so these results
may not apply exactly to other populations. Until findings are
replicated across diverse populations, their relevance beyond
the original study groups remains uncertain.

Future Directions

Future studies should follow racially and socioeconomically
diverse populations from adolescence into adulthood, tracking
changes in environmental exposures, daily habits, and cogni-
tive health. Following the same participants over time would
make it easier to determine the extent and timeline of when
certain risk factors begin affecting the brain. Some studies
should also test whether prevention programs introduced dur-
ing adolescence have lasting effects.

Research across different locations could help show how
pollutants near homes and schools affect adolescent brain de-

velopment. It could also determine whether findings from
highly polluted areas, such as Mexico City, can be applied to
other regions.

Researchers should examine whether APOE4 changes or
accelerates certain biological responses to environmental and
behavioral factors. Examining these interactions may explain
why the same exposures do not affect each individual in the
same way.

Conclusion

AD risk is influenced by genetic background, lifestyle, envi-
ronmental exposure, and psychological health. Adolescence
may be especially sensitive to these influences because the
brain is still developing, and changes that begin during this
period could affect cognitive health later in life.

The APOE4 allele is the strongest known risk factor for
late-onset AD and is present in over half of diagnosed cases.
People with one copy of APOE4 are up to three times more
likely to develop AD, while those with two copies can be up
to fifteen times more likely !°. The allele has been linked to
A buildup, chronic neuroinflammation, and impaired glu-
cose metabolism in the brain!?. However, its effects differ
with gender. Women with APOE4 experience greater hip-
pocampal atrophy and faster cognitive decline than males who
carry the allele”. This suggests that sex may influence how ge-
netic background affects AD development.

Lifestyle factors, especially diet and physical activity, may
also influence brain health. Consuming a western-style diet
that contains high amounts of saturated fat, refined sugars,
and processed food has been associated with systemic inflam-
mation and harmful changes in gut microbiota!”. These ef-
fects may increase neuroinflammation and contribute to neu-
ral dysfunction and cognitive decline3!. Mediterranean-style
diets, in comparison, have been associated with better cogni-
tive health and a lower risk of AD. Their omega-3 fatty acids,
polyphenols, and antioxidants may help control inflammation
and protect neurons 3.

Some studies have connected regular exercise with greater
hippocampal volume and higher levels of brain-derived neu-
rotrophic factor, a protein involved in neuronal survival and
function>®. Research has connected regular exercise to greater
hippocampal volume and higher levels of brain-derived neu-
rotrophic factor®. Physical activity has also been associated
with better cognitive outcomes in some APOE4 carriers and
people showing signs of AD?2.

Air pollution during early brain development may affect
cognitive health later in life. In adolescents living in highly
polluted areas, researchers have found damage to the blood-
brain barrier, which controls the movement of substances from
the bloodstream into the brain*’. Damage to this barrier can
allow pollutants and inflammatory molecules to enter the brain
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tissue more easily*’. Long-term pollutant exposure has been
associated with chronic neuroinflammation, A buildup, and
tau hyperphosphorylation?®. Some of these changes appeared
in individuals without the APOE4 allele, showing that genetic
susceptibility is not the only factor involved??. Children with
high exposure have experienced difficulties with attention and
memory as well?>. It remains uncertain whether these early
changes eventually lead to AD, but their potential effects on
long-term neurological health deserve further attention.

Psychological health during adolescence may also affect
brain development into adulthood. Constant stress and de-
pression can alter how the prefrontal cortex and hippocampus
mature, while genetic differences may make some individuals
more susceptible to these effects*. Both regions are involved
in memory, decision making, and emotion regulation, and are
commonly affected by AD?3. Stress may accelerate develop-
ment in some neural circuits while delaying it in others. These
differences in brain development have been associated with
lasting mental health difficulties and may also increase vul-
nerability to cognitive decline later in life 8. Research shows
that psychological stress can affect adolescent brain develop-
ment, but its direct connection to AD remains uncertain.

The studies reviewed in this paper suggest that environmen-
tal and behavioral determinants during adolescence may have
lasting effects on brain health. Nutritious diets, regular physi-
cal activity, reduced exposure to pollutants, and mental health
support have all been associated with better cognitive func-
tioning over time. Although more research is needed to under-
stand how strongly each factor affects the risk of developing
AD, adolescence remains an important period for protecting
long-term brain health and a promising area for future preven-
tion research.
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