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ABSTRACT

Background: Studies have reported a protective relation to cognitive
decline with long-term intake of total and individual dietary
carotenoids. However, the underlying mechanisms have not yet been
clearly established in humans.

Objectives: To evaluate the prospective association between intakes
of total and individual carotenoids and risk of incident Alzheimer
dementia (AD) and explore the underlying neuropathological basis.
Methods: Among 927 participants from the Rush Memory and
Aging Project who were free from AD at baseline and were
followed up for a mean of 7 y, we estimated HRs for AD using
Cox proportional hazards models by intakes of energy-adjusted
carotenoids. Brain AD neuropathology was assessed in postmortem
brain autopsies among 508 deceased participants. We used linear
regression to assess the association of carotenoid intake with AD-
related neuropathology.

Results: Higher intake of total carotenoids was associated with
substantially lower hazard of AD after controlling for age, sex,
education, ApoE-¢4, participation in cognitively stimulating activ-
ities, and physical activity level. Comparing the top and bottom
quintiles (median intake: 24.8 compared with 6.7 mg/d) of total
carotenoids, the multivariate HR (95% CI) was 0.52 (0.33, 0.81),
P-trend < 0.01. A similar association was observed for lutein-
zeaxanthin, a weaker linear inverse association was observed for
B-carotene, and a marginally significant linear inverse association
was found for B-cryptoxanthin. Among the deceased participants,
consumers of higher total carotenoids (top compared with bottom
tertile, 18.2 compared with 8.2 mg/d) had less global AD pathology
(b: —0.10; SE = 0.04; P-trend = 0.01). For individual carotenoids,
lutein-zeaxanthin and lycopene were inversely associated with
brain global pathology, whereas lutein-zeaxanthin showed additional
inverse associations with AD diagnostic score, neuritic plaque
severity, and neurofibrillary tangle density and severity.
Conclusions: Our findings support a beneficial role of total
carotenoid consumption, in particular lutein/zeaxanthin, on AD
incidence that may be related to the inhibition of brain S-amyloid
deposition and fibril formation. Am J Clin Nutr 2021;113:200—
208.
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Introduction

Alzheimer disease, the most common form of dementia, is
projected to influence more than 8 million older adults in the
United States in the next decade, as a consequence of rapid
population aging and the lack of effective means to prevent the
disease (1-7).

Carotenoids are naturally occurring pigments found in red,
yellow, orange, and dark green fruits and vegetables. The
following 6 carotenoids account for almost all of the carotenoids
found in human blood and brain: lutein, zeaxanthin, lycopene,
«-carotene, -carotene, and B-cryptoxanthin (8—10). Given their
antioxidative and anti-inflammatory properties and their presence
in the brain (11, 12), the role of carotenoids in preventing
or treating neurodegenerative diseases, including Alzheimer
disease, is of specific interest.
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A growing literature suggests that carotenoids play a role in
the prevention of cognitive decline and Alzheimer disease (13—
15). Several long-term observational studies and randomized
controlled trials have reported a protective relation to cognitive
decline with long-term intake of total and individual dietary
carotenoids (16—19). However, the underlying mechanisms have
not yet been clearly established in humans.

We previously reported a linear association of
lutein/zeaxanthin and J-carotene (marginally) with slower
cognitive decline in a prospective study of 960 participants
followed up over a mean of 4.7 y from the Memory and Aging
Project (MAP) (20). With additional information on Alzheimer
dementia (AD) clinical diagnosis and brain neuropathology,
the present study was performed to provide more detailed
insights into the roles of total and individual carotenoids in the
development of AD.

Methods
Study design

The study was conducted among participants of the Rush
MAP, a study of volunteers living in retirement communities
and senior public housing units in the Chicago area. The
ongoing open cohort study began in 1997 and includes annual
clinical neurological examinations, as previously described (21).
Beginning in 2004, the MAP study participants were invited to
complete FFQs. As of January 2019, 2096 older persons had
enrolled in the MAP study, 80 died, and 159 withdrew before the
diet study began. Of these 1857 participants, 1068 completed the
dietary questionnaires, 927 of whom had at least a baseline and
1 follow-up neuropsychological assessment by 2018 and were
clinically determined not to have AD at the baseline. During this
period, 508 of the participants died and autopsies were performed
(Supplementary Figure 1). The Institutional Review Board of
Rush University Medical Center approved the study, and all
participants gave written informed consent.

Dietary assessment

Dietary intake was assessed with a 144-item semiquantitative
FFQ (SFFQ) that was validated for use in older Chicago residents
(22). Participants reported how often, on average, they had
consumed a standard portion size of each food over the previous
12 mo at each annual clinical evaluation. Daily intakes of specific
nutrients were obtained by multiplying the nutrient content of
the individual food items by the frequency of consumption and
summing over all items. SFFQs with plausible energy intake
(500-3800 kcal/d for women and 700—4000 kcal/d for men)
and <61 blank food items were included in the analysis. For
AD incidence, intakes of carotenoids from the first SFFQ were
used to best represent long-term diet before symptoms related
to disease onset. In the cross-sectional analyses of postmortem
AD neuropathology, carotenoid intake was averaged over all
available valid SFFQs as the best representation of intake
premortem. Dietary intake of carotenoids included pB-carotene,
a-carotene, lutein-zeaxanthin, lycopene, and S-cryptoxanthin.
Each participant’s nutrient intakes were adjusted for total energy
intake using the residual method within sex (23). In a validation
study of 232 randomly selected CHAP (Chicago Health and

Aging Project) participants, the original cohort for the MAP
study, the average energy-adjusted Pearson correlation coefficient
was 0.46 for comparative validity between nutrient intake levels
on the SFFQ and the dietary recalls, without accounting for the
random error in the dietary recall assessments (22). In linear
regression models adjusted for age, sex, race, total energy intake,
and total plasma cholesterol and triglyceride concentrations for
56 of these participants, the partial correlation between plasma
concentration and intake amounts was 0.43 for B-carotene and
0.46 for B-cryptoxanthin, without accounting for the random
error in the plasma biomarker measurements (24). Of the
carotenoids, only f-carotene was regularly included in vitamin
supplements throughout the dietary reporting period; thus, we
evaluated supplemental S-carotene separately. Average total
energy intake and major nutrients from the dietary questionnaires
were also calculated.

Assessment of AD

Clinical diagnosis of probable AD was determined at each
annual evaluation as previously described (25). Briefly, the AD
diagnosis was made by an experienced clinician using data
from a structured neurological examination and medical history,
and cognitive performance testing, and with the assistance of
an algorithmically based rating of cognitive impairment. The
AD diagnosis was based on criteria of the joint working group
of the NINCDS-ADRDA (National Institute of Neurological
and Communicative Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Association) (26), which requires
a history of cognitive decline and impairment in memory
and at least 1 other cognitive domain. According to these
diagnostic criteria, there were 237 incident cases of AD during
the follow-up from 2004 to 2018. A board-certified neurologist
blinded to the dietary assessment data reviewed all clinical
evaluation data before making clinical diagnoses of neurological
diseases.

Assessment of brain AD-related neuropathology

The methods for brain autopsies and pathologic evaluations
have been described in detail elsewhere (27-29). Briefly, slabs
from 1 cerebral hemisphere were placed in a —80°C freezer.
Slabs from the contralateral hemisphere were fixed in 4%
paraformaldehyde, and then dissected tissue samples from
specific brain regions were embedded in paraffin blocks, cut
into 6-micron sections, and mounted on slides. The mean £+ SD
postmortem interval was 8.3 + 7.4 h.

AD neuropathology, including diffuse amyloid plaques (using
immunohistochemistry), neuritic plaques (plaques most closely
associated with neuronal injury), and neurofibrillary tangles
were identified by use of modified Bielschowsky silver—stained
6-micron sections in multiple cortical regions (entorhinal cortex
proper, hippocampus, superior frontal cortex, dorsolateral pre-
frontal cortex, inferior temporal cortex, angular gyrus cortex,
anterior cingulate cortex, and calcarine cortex). Raw counts
(greatest density in Imm? area) of the neuritic and diffuse plaques
and tangles were standardized in each region and averaged across
regions to create 3 summary scores that were then averaged
to yield a global measure of AD pathology. We also analyzed
2 established semiquantitative measures of AD pathology, the
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(CERAD) neuritic plaque density (30), and Braak neurofibrillary
tangle stage (31). CERAD scores ranged from 1 (no neuritic
plaques) to 4 (frequent neuritic plaques). Braak staging scores
ranged from O (no tangles in any region) to 6 (frequent tangles
across multiple regions). Another variable describes the level
of AD pathology based on National Institute on Aging (NIA)-
Reagan criteria (32) with scores ranging from 1 (low AD) to
4 (high AD). A board-certified neuropathologist blinded to age
and clinical data made the neuropathology diagnoses.

Assessment of other covariates

Information on covariates of interest in the analyses, including
lifestyle factors and medical history, was obtained from struc-
tured interview questions and measurements at the participants’
baseline clinical evaluations. Age (y) was computed from self-
reported birth date and date of the baseline cognitive assessment.
Education (y) was self-reported as years of regular schooling.
Apolipoprotein E (ApoE) genotyping was performed using
high-throughput sequencing, as previously described (33-35).
Participation in cognitively stimulating activities was computed
as the average frequency rating, based on a 5-point scale, of
different activities (e.g., reading, playing games, writing letters,
visiting the library) (36). Physical activity (h per wk) was
computed from self-reported minutes spent within the previous 2
wk on 5 activities: walking for exercise, yard work, calisthenics,
biking, and water exercise (37). Depressive symptoms (number)
were assessed by a modified 10-item version of the Center for
Epidemiological Studies depression scale (38). BMI (kg/m?)
was computed from measured weight and height and modeled
as 2 indicator variables, BMI: <20 and >30. Hypertension
history was determined by self-reported medical diagnosis,
measured blood pressure (average of 2 measurements >160
mmHg systolic or >90 mmHg diastolic), or current use of
hypertensive medications. Myocardial infarction history was
based on self-reported medical diagnosis or use of cardiac
glycosides (e.g., lanoxin or digitoxin). Diabetes history was
determined by self-reported medical diagnosis or current use of
diabetic medications. Medication use was based on interviewer
inspection of agents brought to clinic. Clinical diagnosis of
stroke was based on clinician review of self-reported history,
neurological examination, and cognitive testing history (39).

Statistical analyses

We used proportional hazards models to calculate HRs and
95% ClIs for the relations between intakes of total and individual
carotenoids and time (y) to diagnosis of AD. The proportionality
of hazards assumption was satisfied by using the Schoenfeld’s
residuals method and the time-varying covariates method. Intakes
of carotenoids were divided into quintiles. We first examined
the relations in separate age-adjusted and basic adjusted models.
The basic model included potential confounders with the most
established evidence for association with AD: age (y), sex,
education (y), participation in cognitively stimulating activities,
physical activity, and ApoE-¢4 (at least 1 allele compared with
none). Further analyses added the following covariates to the
basic adjusted models: /) cardiovascular conditions, which have
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high likelihoods of mediating the dietary effects on dementia,
and 2) depression and weight measures, which may act as effect
mediators, but also have complex cause and effect relations
with dementia. A complete data approach was used in the
analyses; therefore, the extended model may have a smaller
sample size (n = 853-927), depending on the availability of
the additionally added covariates. To examine if the observed
associations were independent of other nutrients and lifestyle
factors, we conducted further analyses adjusting for smoking
status, multivitamin use, folate, vitamin B12, vitamin E, and
DHA. We also report the P value for linear trend based on
a categorical variable of the quintiles scored at the quintile
median. To reduce the potential influence of reverse causation,
we conducted sensitivity analyses by eliminating cases that
occurred within the first 2 y of follow-up. Effect modification
was investigated for the total and individual carotenoids and
each covariate by including a multiplicative term between the
carotenoids and the potential effect modifier in the basic-adjusted
model and testing at P < 0.05.

Among 508 deceased participants with brain neuropathologic
outcomes, we used linear regression models to investigate the
relations of the carotenoids to AD neuropathologic outcomes
(square root scale of global AD pathology, NIA Reagan score,
square root scale of overall amyloid level, CERAD score, square
root scale of neurofibrillary tangles density, and Braak score)
(40). Intakes of carotenoids were divided into tertiles. Models
were adjusted for age at death, sex, and education. All analyses
were conducted using SAS software, version 9.3 (SAS Institute
Inc.).

Results

A total of 237 incident cases of AD developed over an average
follow-up of 7 y in the sample of 927 MAP participants with
an average age of 81 y at study baseline. The mean time to AD
diagnosis from the date that diet was assessed was 6.6 y (range:
1-14 y). Participants in the lowest quintile of carotenoid intake
had higher energy consumption, more depression symptoms,
more diabetes and stroke diagnoses, and lower levels of physical
activity, and were less likely to have a BMI <20 kg/m?
(Table 1).

Total carotenoids intake was significantly associated, linearly
and statistically, with lower risk of developing AD in the age-
adjusted model (Table 2). In the basic model adjusted for age,
sex, education, ApoE-¢4, physical activity, and participation in
cognitively stimulating activities, participants in the top quintile
of total carotenoids (median intake: 24.8 mg/d) had a 48%
(HR: 0.52; 95% CI: 0.33, 0.81; P-trend < 0.01) lower rate of
developing AD than participants in the lowest quintile (median
intake: 6.7 mg/d). The results were similar after further adjusting
for cardiovascular conditions (including diabetes, hypertension,
stroke, and myocardial infarction), depressive symptoms, and
low or high BMI. The associations were also similar after further
adjusting for intakes of alcohol, vitamin E, folate, vitamin B12,
and DHA, and use of multivitamins. Moreover, when further
adjusted for the Mediterranean diet score or the DASH dietary
score, which were previously linked to the dementia outcomes
in our study, the associations remained similar (data not shown).
After eliminating cases that occurred within the first 2 y of
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TABLE 1 Baseline characteristics of MAP participants'

Total carotenoid intake

Overall QI (median = 6.7 Q3 (median = 13.2 Q5 (median = 24.8

Baseline characteristic (n=927) mg/d, n = 185) mg/d, n = 186) mg/d, n = 186)
Age, mean £ SD, y 81 £ 7 82 +7 81 £ 7 80 £ 7
Males, % 25.1 249 27.4 237
Education, mean £ SD, y 15+3 14 £3 15£3 15£3
ApoE-¢4, % 21.6 23.2 27.4 18.8
Total energy intake, kcal/d 1734 £+ 539 1930 + 694 1721 £+ 514 1570 £+ 417
Cognitive activity frequency, rating 32 £ 0.6 3.1 £ 0.7 33 £ 0.6 33 £ 07
Physical activity, h/wk 34 £ 3.6 2.6 £ 35 34 £ 37 43 £ 4.1
Depressive symptoms, n 1.0 £ 1.6 13 £ 1.7 1.0 £ 1.3 09 £ 1.5
BMI, % (n = 897)

<20 3.8 2.3 2.7 5.5

>30 24.5 249 19.7 26.5
Medical condition, %

Diabetes 12.9 17.8 7.0 134

Hypertension (n = 920) 69.0 67.2 69.4 67.8

Myocardial infarction 16.2 17.3 18.3 14.5

Stroke (n = 853) 11.5 15.8 8.7 9.3

!'Values are means & SDs or percentages. ApoE, apolipoprotein E; MAP, Memory and Aging Project; Q, quintile.

follow-up, we observed similar findings between total
carotenoids (top compared with bottom quintile) and AD
incidence (HR: 0.60; 95% CI: 0.36, 1.00; P < 0.05). In further
analyses, we did not find evidence for effect modification by
age, ApoE-¢4 status, education, physical activity, obesity, and
smoking. However, statistically significant interactions were
observed for sex; carotenoid intake was found to be more
protective in men than in women (P-interaction = 0.02) in the
stratified analysis by sex using quintiles for the total population
(Supplementary Figure 2).

In the analyses for individual carotenoids, greater intake of
lutein/zeaxanthin was associated with lower risk of developing
AD in the age-adjusted model and the basic model (Figure 1
and Supplementary Table 1). Comparing the highest compared
with the lowest quintiles of lutein/zeaxanthin, the HR for AD
was 0.57 (95% CI: 0.37, 0.87; P-trend = 0.02) in the basic
model. A significant linear inverse association was observed
for dietary B-carotene, and a marginally significant linear

inverse association was found for B-cryptoxanthin in the basic
model. The linear association for S-cryptoxanthin became
significant after further adjustment of BMI and depression
level. No significant associations were observed for a-carotene,
lycopene, and use of S-carotene supplement. Intakes of «-
carotene and lutein-zeaxanthin were highly correlated with
B-carotene (Spearman correlation, » = 0.81 and 0.84, respec-
tively) (Supplementary Table 2). In our study population, the
major food source of carotenoids included tomatoes, tomato
juice, tomato sauce, carrots, yams/sweet potatoes, squash, kale,
and spinach. Lutein/zeaxanthin were found to be highly related to
vegetables, especially dark-green leafy vegetables, in this cohort
(Supplementary Table 3).

In the analyses with brain AD pathology, dietary intakes
of total carotenoids, lutein, and lycopene were each linearly
associated with less global AD pathology (P values < 0.05).
In particular, total carotenoid consumers (top compared with
bottom quintile) had less global AD pathology (b = —0.10,

TABLE 2 Proportional HR and 95% CI of estimated effects of total carotenoids on time to incident AD in age-adjusted (n = 927; 237 AD cases) and
basic-adjusteds models in MAP participants over a mean 7- follow-up, 2004-2018'

QI (median = 6.7

Q2 (median = 10.3

Q3 (median = 13.2

Q4 (median = 16.7

QS (median = 24.8

Total carotenoids mg/d, n = 185) mg/d, n = 185) mg/d, n = 186) mg/d, n = 185) mg/d, n = 186) P-trend
Person-y 1142 1200 1275 1149 1397
AD incident cases, n 61 47 42 56 31
Age adjusted 1 (Referent) 0.81 (0.56, 1.19) 0.70 (0.47, 1.04) 0.89 (0.62, 1.28) 0.47 (0.31, 0.73) 0.002
Basic adjusted? 1 (Referent) 0.93 (0.63, 1.36) 0.73 (0.49, 1.09) 1.00 (0.69, 1.45) 0.52(0.33,0.81) 0.009
Basic-adjusted + 1 (Referent) 0.98 (0.65, 1.47) 0.70 (0.46, 1.07) 1.03 (0.70, 1.50) 0.54 (0.34, 0.85) 0.015
cardiovascular
conditions
Basic-adjusted + BMI, 1 (Referent) 0.97 (0.65, 1.43) 0.70 (0.46, 1.05) 1.00 (0.69, 1.45) 0.52(0.33,0.82) 0.008

depression

'Values are HRs (95% Cls) or n unless otherwise indicated. AD, Alzheimer dementia; ApoE, apolipoprotein E; MAP, Memory and Aging Project; Q,

quintile.

2Basic-adjusted model included terms for age, sex, education, ApoE-¢4 (any), participation in cognitively stimulating activities, and physical activity.
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FIGURE 1 HR for Alzheimer dementia across increasing quintiles of total and individual carotenoid intakes (n = 927; 237 AD cases) in basic-adjusted
models in MAP participants over a mean 7 y follow-up, 2004-2018. Footnote: Multivariate model was adjusted for age, sex, education, ApoE-¢4 (any),
participation in cognitively stimulating activities, and physical activity. AD, Alzheimer dementia; ApoE, apolipoprotein E; MAP, Memory and Aging Project.

SE = 0.04, P-trend = 0.01), lower AD diagnostic score (NIA-
Reagan classification: b = —0.17, SE = 0.08, P-trend = 0.03)
and lower CERAD score (neuritic plaque severity: b = —0.29,
SE = 0.12, P-trend = 0.02) in separate models adjusted for
age at death, sex, and education (Table 3). For individual

carotenoids, participants with higher intake of lutein-zeaxanthin
(top compared with bottom quintile) had less global AD
pathology (b = —0.12, P-trend < 0.01), lower AD diagnostic
score (b = —0.20, P-trend = 0.02), lower CERAD score
(neuritic plaque severity: b = —0.31, P-trend = 0.02), lower



Carotenoids, Alzheimer dementia (AD), and AD neuropathology 205

TABLE 3 Effect estimates and P values for total carotenoids with AD neuropathology based on adjusted linear regression models (AD neuropathology)

among 508 deceased MAP participants, 2004-2018!

Linear regression models of AD neuropathology

Total carotenoids Median, Global AD AD diagnostic Overall Neuritic plaque Neurofibrillary =~ Neurofibrillary
(energy-adjusted) n pe/d pathology score? amyloid level density? tangles density  tangles stage*
Point estimate
(standard error)
Tertile 1 168 8185 Referent Referent Referent Referent Referent Referent
Tertile 2 173 12,715 —0.06 (0.04) —0.13(0.08) —0.11(0.13) —0.21(0.12) —0.14(0.14) —0.11(0.13)
Tertile 3 167 18,221 —0.10(0.04) —0.17(0.08) —0.21(0.13) —0.29(0.12) —0.17(0.15)  —0.20(0.13)
P-trend 0.01 0.03 0.12 0.02 0.26 0.13

"Models adjusted for age at death, sex, and education. AD, Alzheimer dementia; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease;

MAP, Memory and Aging Project; NIA, National Institute on Aging.
2NIA Reagan score.
3CERAD score.
4Braak Score.

neurofibrillary tangles density (b = —0.32, P-trend = 0.04), and
lower Braak stage (neurofibrillary tangles stage: b = —0.41, P-
trend < 0.01). Significant associations were also observed for
higher lycopene intake with less global AD pathology (b =
—0.09, P- trend = 0.02) (Table 4). No significant associations
were observed for the other carotenoids.

Discussion

In this cohort of 927 elderly Midwestern residents with
an average of 7 y of follow-up, higher intake of total
carotenoids (median intake of 24.8 compared with 6.7 mg/d)
was associated with a 48% reduction in the rate of AD. The
association was independent of other healthy lifestyle behaviors,
cardiovascular-related conditions, dietary fats, and other dietary
antioxidant nutrients. Similar associations were observed for
lutein/zeaxanthin, and a weaker association was observed for 8-
carotene and B-cryptoxanthin. Among 508 deceased participants,
higher total carotenoid consumers, in particular higher consumers
of lutein/zeaxanthin and lycopene, had less AD-related neu-
ropathology.

These findings extend results of an earlier study in this
cohort (20), based on a shorter follow-up time (average of
4.7 y), which indicated that higher consumption of lutein-
zeaxanthin and S-carotene was significantly associated with
slower cognitive decline. With the advantage of additional
information on AD clinical diagnosis over a longer follow-up
period, we additionally observed a strong inverse association
of intake of total carotenoids and lutein-zeaxanthin with risk
of AD. Some associations were also observed for B-carotene
and B-cryptoxanthin. Furthermore, the results are consistent
with several long-term observational studies reporting apparent
protective effect on cognitive decline and AD with intake of lutein
(16, 17) and B-carotene (17, 18), with follow-up times of 7 to
>17 y. Placebo-controlled randomized studies also suggest that
supplementation with B-carotene (50 mg every other day for 18
y among healthy men) (19), lutein, or lutein plus zeaxanthin
(12 mg/d for 1 y among elderly women and men) may have
beneficial cognitive effects (41, 42). In our analyses of specific
carotenoids, we found strong and robust inverse associations

between lutein/zeaxanthin intake and development of AD. For
the highest compared with the lowest lutein/zeaxanthin intake,
the corresponding mean intakes of green leafy vegetables were
around 1.3 servings/d compared with 0.1 serving/d. Potential
beneficial roles for B-carotene and f-cryptoxanthin were also
suggested. Taken together, substantial evidence suggests that
dietary carotenoids have protective associations against the AD
development, and this effect may not be limited to a single
carotenoid.

Our study is one of a few that have reported an apparent
beneficial role of carotenoids with a wide spectrum of brain
AD-related neuropathology in humans. In addition to the strong
inverse associations of total carotenoids, lutein/zeaxanthin, and
lycopene with global AD pathology score, higher intakes
of total carotenoids and lutein/zeaxanthin were significantly
associated with less severe neurofibrillary tangle pathology.
Moreover, lutein/zeaxanthin intake was inversely associated with
the amyloid plaque severity and neurofibrillary tangle density.
The findings are supported by laboratory studies showing that
carotenoids may protect the brain against pathology through their
antioxidant properties (43, 44) and anti-inflammatory functions
by interacting with inflammatory signaling cascades (45).
Individual carotenoids may also act through other mechanisms
relevant to brain function. Among them, lutein has received
particular interest as a major carotenoid specifically present in
the macula and the brain (46). The present study provides strong
additional evidence to support the protective role of carotenoids
in the development of neurodegeneration. More research is
needed to establish and confirm the brain-protective effects of
specific carotenoids.

The present study has a number of strengths. The prospective
study design, long-term follow-up, and careful control of
various potential confounders minimize selection bias and
reverse causation and provide relatively valid estimates of
associations. Moreover, the diagnosis of AD was based on annual
neuropsychological testing and structured clinical neurological
evaluations by clinicians. The dietary intake of carotenoids was
assessed with a comprehensive SFFQ that was validated in older
community-dwelling Chicago residents. These features reduce
the potential for biased and random misclassification of disease
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TABLE 4 Effect estimates and P values for individual carotenoids with AD neuropathology based on adjusted linear regression models (AD

neuropathology) among 508 deceased MAP participants, 2004-2018'

Linear regression models of AD neuropathology point estimate, P for linear trend

AD Neuritic

Individual Median Global AD diagnostic Overall plaque Neurofibrillary ~ Neurofibrillary
carotenoids N (mcg/d) pathology score? amyloid level density? tangles density tangles stage
a-carotene (energy- adjusted), pg/d

Tertile 1 168 405 Referent Referent Referent Referent Referent Referent

Tertile 2 173 817 —0.01 —0.02 0 —0.07 0.10 —0.01

Tertile 3 167 1475 —0.02 —0.08 —0.05 —0.22 —0.01 —0.06
P-trend 0.50 0.27 0.70 0.07 0.83 0.66
B-carotene (energy adjusted), pg/d

Tertile 1 168 2063 Referent Referent Referent Referent Referent Referent

Tertile 2 173 3693 —0.04 —0.02 —0.1 —0.09 —0.05 —0.07

Tertile 3 167 5986 —0.04 —0.10 —0.04 —0.17 —0.14 —-0.17
P-trend 0.39 0.18 0.84 0.19 0.34 0.19
Lutein-zeaxanthin (energy adjusted), pg/d

Tertile 1 168 1487 Referent Referent Referent Referent Referent Referent

Tertile 2 173 2833 —0.11% —0.16* —0.21 —0.27* —0.27* —0.29*

Tertile 3 167 5434 —0.12* —0.20* —0.21 —0.31* —0.32* —041*
P-trend <0.01* 0.02* 0.17 0.02* 0.04* <0.01*
Lycopene (energy adjusted), pg/d

Tertile 1 168 2027 Referent Referent Referent Referent Referent Referent

Tertile 2 173 4728 —0.04 —0.05 —0.02 —0.06 —0.04 —0.07

Tertile 3 167 7314 —0.09* —0.10 —0.17 —0.19 —0.01 0.00
P-trend 0.02* 0.17 0.19 0.13 0.95 0.96
B-cryptoxanthin (energy-adjusted), mecg/d

Tertile 1 168 76 Referent Referent Referent Referent Referent Referent

Tertile 2 173 166 0.04 —0.01 0.14 0.09 —0.01 —0.18

Tertile 3 167 267 —0.04 —-0.13 —0.10 —0.18 —0.15 —0.12
P-trend 0.25 0.09 0.40 0.13 0.28 0.40

"Models adjusted for age at death, sex, and education. AD, Alzheimer dementia; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease;

MAP, Memory and Aging Project; NIA, National Institute on Aging.
2NIA Reagan score.
3CERAD score.
*p-value significant at 0.05.

status and diet exposures in the analyses. The average dietary
intakes calculated from multiple years further dampen within-
subject variation and best represent habitual diet. Last but not
least, all postmortem neuropathology measures were quantified
by experienced and trained examiners blinded to all clinical
data. The high autopsy rate reduces selection bias, and the
neuropathology measurements based on averaged assessments
over brain regions help to minimize bias due to measurement
error. The study also has limitations. The primary limitation
is the observational study design, such that the study findings
may be subject to residual and unmeasured confounding by
other disease and lifestyle factors. However, the estimates of
dietary associations on AD remained similar after statistical
adjustment for many important risk factors for AD, suggesting
that confounding is not a likely explanation for the observed
associations. Second, the subjective measure of dietary intake
levels may be subject to errors. However, the dietary tool was
validated with biochemical and other dietary assessments, and
random errors would be unlikely to create the strong associations
that we observed. Another limitation is the possibility that
incident cases may have undergone dietary changes at the time
of baseline assessment as a result of preclinical disease. We
investigated this issue by reanalyzing the data after eliminating

cases that occurred within the first 2 y of follow-up, and we
observed similar findings between total carotenoids and AD
incidence. Moreover, the most plausible confounding factors are
other constituents of the foods high in the carotenoids that we
studied. These constituents include numerous phytochemicals
that alone or in combination could exert neuroprotective effects.
For this reason, caution is warranted in the interpretation of
our findings. However, the fact that S-carotene (19) and lutein
(47), respectively, as an isolated substance, influenced cognitive
function in randomized trials supports a causal interpretation of
our findings. Finally, our findings were observed among primarily
white and well-educated Midwestern elderly adults in the United
States, and therefore, the findings may not be generalized to other
populations.

This prospective study supports a potential beneficial role
of carotenoids in AD development and AD neuropathology,
possibly through the inhibition of brain S-amyloid deposi-
tion and fibril formation. Our findings most strongly sup-
port benefits of lutein-zeaxanthin. Carotenoids are promising
dietary bioactives: further evidence from long-term random-
ized trials would be desirable for a definitive determina-
tion that dietary carotenoids protect against the development
of AD.
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