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BRAIN Α-TOCOPHEROL CONCENTRATION IS INVERSELY
ASSOCIATED WITH NEUROFIBRILLARY TANGLE COUNTS
IN BRAIN REGIONS AFFECTED IN EARLIER BRAAK STAGES:
A CROSS-SECTIONAL FINDING IN THE OLDEST OLD
J. Tanprasertsuk1, T.M. Scott1, M.A. Johnson2, L.W. Poon3, P.T. Nelson4, A. Davey5, J.L. Woodard6,
R. Vishwanathan7, A.K. Barbey8, K. Barger7, X.-D. Wang7, E.J. Johnson1

Abstract: Objectives: Higher vitamin E status has been associated with lower risk of Alzheimer’s disease (AD). However,
evidence of the association of vitamin E concentration in neural tissue with AD pathologies is limited. Design: The cross-sectional
relationship between the human brain concentrations of α- and γ-tocopherol and the severity of AD pathologies – neurofibrillary
tangle (NFT) and neuritic plaque (NP) – was investigated. Setting & Participants: Brains from 43 centenarians (≥ 98 years at death)
enrolled in the Phase III of the Georgia Centenarian Study were collected at autopsy. Measurements: Brain α- and γ-tocopherol
concentrations (previously reported) were averaged from frontal, temporal, and occipital cortices. NP and NFT counts (previously
reported) were assessed in frontal, temporal, parietal, entorhinal cortices, amygdala, hippocampus, and subiculum. NFT
topological progression was assessed using Braak staging. Multiple linear regression was performed to assess the relationship
between tocopherol concentrations and NP or NFT counts, with and without adjustment for covariates. Results: Brain α-tocopherol
concentrations were inversely associated with NFT but not NP counts in amygdala (β = -2.67, 95% CI [-4.57, -0.79]), entorhinal
cortex (β = -2.01, 95% CI [-3.72, -0.30]), hippocampus (β = -2.23, 95% CI [-3.82, -0.64]), and subiculum (β = -2.52, 95% CI [-4.42, -0.62])
where NFT present earlier in its topological progression, but not in neocortices. Subjects with Braak III-IV had lower α-tocopherol
(median = 69,622 pmol/g, IQR = 54,389-72,155 pmol/g) than those with Braak I-II (median = 72,108 pmol/g, IQR = 64,056-82,430
pmol/g), but the difference was of borderline significance (p = 0.063). γ-Tocopherol concentrations were not associated with either
NFT or NP counts in any brain regions assessed. Conclusions: Higher brain α-tocopherol level is specifically associated with lower
NFT counts in brain structures affected in earlier Braak stages. Our findings emphasize the possible importance of α-tocopherol
intervention timing in tauopathy progression and warrant future clinical trials.
Key words: Vitamin E, dementia, Alzheimer’s disease, cognitive impairment, centenarians.
Abbreviations: Aβ: amyloid-beta; AD: Alzheimer’s disease; Amy: amygdala; Ent: entorhinal cortex; FC: frontal cortex; GCS:
Georgia Centenarian Study; HDL: high-density lipoprotein; Hip: hippocampus; MAP: Memory and Aging Project; NFT:
neurofibrillary tangle; NP: neuritic plaque; OC: occipital cortex; PC: parietal cortex; TC: temporal cortex.
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Alzheimer’s disease (AD) is characterized by
two pathological hallmarks: amyloid-β (Aβ) and
neurofibrillary tangles (NFT). Aggregation of Aβ may
lead to the formation of either diffuse plaques or senile
plaques, also known as neuritic plaques (NP) (1, 2).
NP are generally surrounded by dystrophic neurites,
associated with synaptic loss, and are consistently related
to cognitive deficits (3). On the other hand, NFT consists
of hyperphosphorylated tau protein. Under normal
conditions tau is located in the axon and facilitates the
axonal transport. In tauopathy, hyperphosphorylation
of tau causes NFT formation, disrupts axonal transport,
and eventually leads to neuronal death (4). Compared to
8
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Methods

Aβ pathology, the spatiotemporal progression pattern
of NFT has lower interindividual variability among AD
patients as the disease advances (5,6). Braak and Braak
have proposed a system that semi-quantitatively assesses
NFT topographic progression in the brain (described in
Section 2.3 NP, NFT, and Braak and Braak NFT staging)
(7).
Vitamin E is a group of eight structurally-related
compounds possessing potent antioxidative function.
They are α-, β-, γ-, δ-tocopherols and α-, β-, γ-,
δ-tocotrienols. Their dietary intakes vary across
populations (70% of vitamin E as γ-tocopherol in the
US, >67% as α-tocopherol in parts of Europe) (8-10).
The human brain also preferentially accumulates
α-tocopherol throughout lifespan (11-13), and it was
shown that cortical α- and γ-tocopherol concentrations
were not significantly different between AD patients and
healthy controls (13,14). On the other hand, an inverse
relationship between brain α-tocopherol and cognitive
performance was observed in older adults who were
absent of dementia, but not among those who were
demented (11). Higher dietary and serum vitamin E levels
are also consistently related to lower risk of developing
AD later in life (15-20). These observations propose that
vitamin E may play an important role in the prevention of
AD before or during early but not advanced stages of the
disease.
To further support this notion, oxidative stress
is one of the major pathways leading to amyloid and
tau pathology and both forms of vitamin E possess
antioxidative properties (21 22). Administration of
vitamin E reduces AD pathologies in a mouse model
of AD, and improves cognition only in early, but not
advanced stages of the disease (23). α-Tocopherol
supplementation also delays and abolishes tau
hyperphosphorylation in two mouse models of AD
(21, 24). Findings from these mouse models (21, 23, 24),
together with the mentioned observational studies in
human subjects (15–20), suggest vitamin E’s protective
role against the progress of AD pathologies. However, the
biological mechanism underlying the cognitive benefits
of vitamin E in human subjects remained minimally
understood.
The Georgia Centenarian Study (GCS) was a
population-based study recruiting centenarians from
44 counties in northeast Georgia, USA (more detail in
Section 2.1 GCS decedents and brain collection) (25,26).
A subset of its participants agreed to donate their brain
tissues upon death, which provided a unique opportunity
to investigate the possible biological mechanism of
vitamin E in the human brain. The specific aim of this
study was to investigate the cross-sectional relationship
between the brain concentrations of the two major dietary
forms of vitamin E (α- and γ-tocopherol) and the severity
of AD pathologies (NFT and NP counts) in a subset of
decedents who were enrolled in the GCS.

GCS decedents and brain collection
Forty-three decedents were a subset of centenarians
(defined as ≥ 98 years at death) from Phase III of the GCS
(2001-2007) who consented to donate their brain upon
death. Decedents who did not consent to brain donation
were not included in this present analysis. There were no
differences in characteristics among the decedents who
did or did not choose to give consent to brain donation
(25). GCS study design, recruitment, and brain sample
collection procedure have been described elsewhere
(25,26). Briefly, the goals of the GCS were to examine the
genetic contribution to longevity, association between
neuropathology and cognition, functions in health and
disease, and factors that contribute to adaptation and
life satisfaction. Centenarians living in the 44-county
area in northeast Georgia, USA were identified with
two approaches. Based on census projection, the first
approach identified residents of skilled nursing facilities
and personal care homes as well as community-dwelling
residents. The second approach was to use the dateof-birth in voter registration files. Based on these two
approaches, a population-based sample of centenarians
was derived and contacted (26). To ascertain that the
obtained sample pool reflected pertinent characteristics
of the population, samples were recruited based on five
criteria (geographic, age, gender, ethnicity, and type of
residence).
Mini-Mental State Examination (MMSE), an objective
assessment of global cognition, was performed
at enrollment and every 6 months until mortality as
previously described (26). Only MMSE from the final
assessment, which was within 1 year of mortality for all
subjects, was reported in this manuscript. Brain samples
were collected at autopsy and stored at −80°C until
analysis. The study was approved by the University of
Georgia Institutional Review Board on Human Subjects.
Separate approval to use de-identified samples and data
for the analyses was obtained from the Tufts University/
Tufts Medical Center Institutional Review Board (#8900).

Tocopherol analysis
Tocopherol analysis of these brain samples has been
previously described (11). Data in the present study
were taken from a subset of this publication. Briefly,
two predominant forms of vitamin E in human, αand γ-tocopherols, were extracted from brain tissue
homogenates sampled from the frontal cortex (FC),
temporal cortex (TC), and occipital cortex (OC) using
lipid extraction procedure previously established (11).
The separation and quantification of tocopherols were
performed by reversed-phase high-performance liquid
chromatography coupled with a photodiode array
detector. The limit of detection for α- and γ-tocopherols
was 2.7 pmol.
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NP, NFT, and Braak and Braak NFT staging

tocopherol concentrations and NP or NFT counts, and
to compare tocopherol concentrations among different
Braak staging. β Coefficients in the regression models
with and without adjustment for covariates are presented.
Kruskal-Wallis test and Fisher’s exact test were used to
compare subject characteristics among three Braak stage
groups. Significance level was set at α = 0.05 (i.e. p <
0.05) and the adjustment for multiple comparisons across
the seven brain regions were performed with the false
discovery rate. All tests were performed in R version
3.5.1.

As previously explained by Neltner et al (27), NP
and NFT counts were averaged from five microscopic
fields that were most severely affected in each section
from the following brain regions: FC (Brodmann Area
9), TC (Brodmann Areas 21-22), parietal cortex (PC,
Brodmann Areas 39-40), amygdala (Amy), entorhinal
cortex (Ent), hippocampus section CA1 (Hip), and
subiculum (Sub). Braak and Braak staging (referred
as Braak staging hereafter) was employed as a global
assessment of NFT progression as previously described:
Braak I-II (transentorhinal); Braak III-IV (limbic); Braak
V-VI (neocortical). Adapted from Braak and Braak
(7), Braak I-II is characterized by a mild to moderate
development of NFT in the transentorhinal region. A
modest number of NFT may be observed in the Hip
section CA1. Isolated NFT may be scarcely observed
in isocortical association areas including FC and TC. In
Braak III-IV, both transentorhinal and Ent are severely
affected by NFT. Hip section CA1 also contains numerous
NFT, as well as limbic structures (Amy, putamen, nucleus
accumbens, thalamus). The Sub and isocortices remain
mildly affected by NFT. In Braak V-VI, transentorhinal,
Ent, Hip, Sub, subcortical nuclei and isocortical cortices
are severely affected by NFT. Braak staging is one of
the criteria for the neuropathological diagnosis of AD
from the National Institute on Aging-Reagan Institute
(NIARI) (28), along with Aβ loads and Consortium
to Establish a Registry for AD’s scoring of NP. NIARI
criteria summarize the histological diagnosis of AD into
“no”, “low”, “intermediate”, or “high” likelihood of AD.

Results
Subject characteristics
Characteristics of 43 centenarians are displayed in
Table 1. Mean age at death was 102.1 (2.4) years. The
majority of the subjects were female and Caucasian.
Body mass index was 22.0 (4.0) kg/m 2 with 58% of
subjects having normal body mass index (18-25 kg/m2).
About half of the subjects had hypertension while only
7% had diabetes at death. Most subjects did not finish
high school, while 29% had high school as their highest
education and 24% had education beyond high school.
Data for education were not available for one subject.
MMSE from the final assessment prior to death reflected
a wide range of cognitive status in this cohort (MMSE
ranging from 0 to 29). Among 31 subjects whose data
for smoking status and alcohol use were available, most
never smoked and never consumed alcohol. Among eight
subjects (19%) who were APOE ε4 carriers, one subject
was ε2/ε4 while the others were ε3/ε4. Data on vitamin E
supplement use were not available.

Other variables
Other variables reported in this manuscript include age
at death, sex, race, presence of diabetes and hypertension,
education, type of residence at death (community
dwelling or institutionalized), history of smoking
and alcohol use, and APOE ε4 allele carrier. Sex, race,
education, presence of APOE ε4 allele, diabetes, and
hypertension were used as covariates in linear regression
models (see section 2.5 Statistical analysis).

Brain α- and γ-tocopherol concentrations
Concentrations of α- and γ-tocopherols in FC, TC,
and OC have been previously reported (11), and are
displayed in Supplemental Table 1. Concentration of
α-tocopherols was greater than γ-tocopherols in all brain
regions: 48.6 times in FC, 45.6 times in TC, and 48.5
times in OC. Concentrations of α- and γ-tocopherols
were not significantly different between male and
female decedents in any brain regions. For both αor γ-tocopherol, concentrations were statistically
correlated among three regions of the brain as shown in
Supplemental Table 2 (r = 0.4-0.6 for α-tocopherol, r = 0.80.9 for γ-tocopherol). Therefore, the averages of α- and
γ-tocopherols from three brain regions were calculated to
represent their global status (Supplemental Table 1).

Statistical analysis
Tocopherol concentrations, NP, and NFT counts are
presented as median (IQR) due to skewed distribution.
Natural log transformation was applied to tocopherol
concentrations, NP and NFT counts prior to all statistical
tests to meet the assumption of normality. Values for
other continuous variables are expressed as either mean
(standard deviation). Categorical variables are expressed
as n (%). Pearson’s correlation coefficients are reported to
demonstrate the correlations of tocopherol concentrations
among different brain regions. Multiple linear regression
was used to investigate the association between
10
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Relationship between tocopherol
concentrations and NP and NFT counts

Table 1
Characteristics of subjects from the Georgia Centenarian
Study
Characteristics

NP, NFT counts, and Braak stage in the GCS
decedents have been qualitatively described in earlier
reports (25, 27). NP and NFT counts in different brain
regions are described in Table 2. Two subjects had severe
hippocampal sclerosis that hindered the assessment of
NP and NFT counts in Sub and Hip (29). As depicted
in Figure 1, averaged α-tocopherol concentrations from
three brain regions were inversely associated with NFT
counts in lower brain structures including Amy (β = -2.67,
p = 0.009, adjusted p = 0.030), Ent (β = -2.01, p = 0.026,
adjusted p = 0.045), Hip (β = -2.23, p = 0.009, adjusted p
= 0.030), and Sub (β = -2.52, p = 0.013, adjusted p = 0.030).
All these associations remained significant after adjusting
for covariates sex, race, education, presence of APOE ε4
allele, diabetes, and hypertension as shown in Table 3
(except in Sub where p = 0.054).
In contrast to the abovementioned brain structures,
brain global α-tocopherol concentration was not
associated with NFT count in higher brain structures
(FC, TC, and PC) all of which are affected by NFT in
later stages of its progression (Table 3). Since NFT was
absent in FC, TC, and PC in most subjects with Braak
I-IV (as shown in Table 2, NFT counts in FC, TC, and
PC in Braak V-VI were significantly higher than those in
Braak I-IV), a sub-group analysis in subjects with Braak
V-VI (n = 13) was performed. Brain global α-tocopherol
concentration, as well as α-tocopherol concentration of
each corresponding brain region, remained not associated
with NFT count in FC, TC, and PC (p > 0.05 for all). In
contrast, a sub-group analysis in subjects Braak I-IV (n =
28) demonstrated that global α-tocopherol concentration
remained significantly associated with NFT counts in
Amy (β = -2.06, p = 0.035), Hip (β = -2.85, p = 0.005),
and Sub (β = -3.08, p = 0.004), and the association was
borderline significant in Ent (β = -1.69, p = 0.086).
The association between global α-tocopherol
concentration and NP count was also not observed in
any brain region (Supplemental Table 3). Similarly,
global γ-tocopherol concentrations were not associated
with NFT nor NP count in any brain region analyzed
(Supplemental Table 3), except that a borderline
significance was observed with NP in Ent (β = -0.31, p =
0.053).

n = 43

Age in years, mean (SD)

102.1 (2.4)

Sex, n (%)
Male

5 (12%)

Female

38 (88%)

Race, n (%)
Caucasian

40 (93%)

Black

3 (7%)

BMI in kg/m2, mean (SD) a

22.0 (4.0)

Hypertension, n (%)

22 (51%)

Diabetes, n (%)

3 (7%)

Education, n (%)
< High school

20 (48%)

High school

12 (29%)

> High school

10 (24%)

1

No data
Living, n (%)
Community dwelling

30 (70%)

Institutionalized

13 (30%)

Smoking, n (%)
Never

27 (87%)

Past

3 (10%)

Present

1 (3%)

No data

12

Alcohol use, n (%)
Never

19 (61%)

Past

5 (16%)

Present

7 (23%)
12

No data
APOE ε4 allele carrier, n (%)

b

Mini-Mental State Examination, mean (SD) c

8 (19%)
17.6 (8.6)

NIARI criteria for AD diagnosis, n (%)
No likelihood

7 (16%)

Low likelihood

14 (33%)

Intermediate likelihood

10 (23%)

High likelihood

12 (28%)

Relationship between tocopherol
concentrations and Braak NFT stages

SD: standard deviation; a. BMI could not be calculated for one double amputee.
b. One subject was ε2/ε4 while seven subjects were ε3/ε4; c. MMSE score
24-30: no cognitive impairment, 18-23: mild cognitive impairment, 0-17: severe
cognitive impairment

Given the observed associations between tocopherol
concentrations and NFT counts in brain regions affected
in earlier Braak NFT stages, the relationship between
tocopherol concentrations and Braak NFT stages (NFT
topological progression) was also investigated. Among
41 subjects with Braak stage assigned, fifteen subjects
(37%) were in Braak I-II (transentorhinal), thirteen (32%)
11
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Table 2
Median (IQR) of neuritic plaque (NP) and neurofibrillary (NFT) counts. Medians that do not share a superscript are
significantly different among Braak stage groups based on ANOVA post hoc tests (log transformed, p < 0.05)
Brain region

NP counts
(n = 43)

NFT counts
All subjects
(n = 43)

Braak I-II
(Transentorhinal)
(n = 15)

Braak III-IV
(Limbic)
(n = 13)

Braak V-VI
(Neocortical)
(n = 13)

Frontal cortex

6.6 (1.7-11.5)

0.2 (0-1.7)

0 (0-0.2) a

0 (0-0.4) a

4.0 (1.8-6.0) b

Temporal cortex

6.4 (0.9-9.8)

0.4 (0-2.9)

0 (0-0.2) a

0.6 (0-1.4) b

7.4 (4.6-9.4) c

Parietal cortex

6.8 (1.3-11.7)

0.2 (0-1.7)

0 (0-0.3) a

0 (0-0.4) a

3.6 (1.4-8.6) b

Amygdala

4.2 (0.9-7.7)

9.2 (2.2-27.7)

2.0 (0.9-5.0) a

11.6 (6.8-27.6) b

30.0 (15.4-45.8) c

0.6 (0-1.1)

20.0 (7.1-35.1)

5.8 (2.7-11.1) a

23.4 (16.4-35.8) b

30.2 (20.2-46.2) b

0 (0-0.5)

11.0 (3.2-17.8)

2.6 (1.0-11.7) a

12.2 (5.0-16.8) b

17.8 (11.0-29.5) b

0.6 (0-1.6)

24.4 (4.8-53.2)

4.6 (1.9-12.7) a

25.0 (9.8-37.2) b

57.0 (51.0-100.6) c

Entorhinal cortex
Hippocampus *
Subiculum *

IQR: interquartile range; * NP and NFT counts in hippocampus and subiculum (and therefore Braak staging) could not be assessed in two subjects due to severe
hippocampal sclerosis

Figure 1
Associations between global α-tocopherol concentration (averaged from frontal, temporal, and occipital cortices)
and neurofibrillary tangle counts in (A) amygdala (n=43), (B) entorhinal cortex (n=43), (C) hippocampus (n=41),
and (D) subiculum (n=41)
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Table 3
β coefficients and p values demonstrating associations between global α-tocopherol concentrations (averaged
from frontal, temporal, and occipital cortices) and neurofibrillary tangle (NFT) counts in 8 brain regions (n = 43).
α-Tocopherol concentrations and NFT counts were log transformed before model fitting
NFT brain region

Linear regression model a
Model I

Model II

β coefficient (SE)

p value

β coefficient (SE)

p value

Frontal cortex

-0.03 (0.67)

0.963

-0.05 (0.83)

0.945

Temporal cortex

-0.45 (0.78)

0.566

-0.55 (0.96)

0.574

Parietal cortex

-0.43 (0.72)

0.556

0.05 (0.85)

0.957

Amygdala

-2.67 (0.97)

0.009

-3.47 (1.21)

0.007

Entorhinal cortex

-2.01 (0.87)

0.026

-2.58 (1.13)

0.029

Hippocampus

-2.23 (0.81)

0.009

-2.37 (1.03)

0.029

Subiculum

-2.52 (0.97)

0.013

-2.52 (1.26)

0.054

SE: standard error; a. Model I: no adjustment for covariates; Model II: adjustment for sex, race, education, APOE ε4, diabetes, and hypertension.

Figure 2
Concentrations of (A) α-tocopherol and (B) γ-tocopherol averaged from frontal, temporal, and occipital cortices among
subjects with varying Braak staging. Subjects who had Braak III-IV showed a borderline significance of lower global
α-tocopherol concentrations than those of Braak I-II (p = 0.063, ANOVA with post hoc tests on log-transformed data)
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were in Braak III-IV (limbic), and thirteen (32%) were in
Braak V-VI (neocortical). Subject characteristics among
three groups of Braak stage were not statistically different
except the MMSE score and NIARI AD diagnosis
(Supplemental Table 4).
As shown in Figure 2A, subjects who had Braak IIIIV showed a borderline significance of lower global
α-tocopherol concentrations than those of Braak I-II:
69,622 (54,389-72,155) pmol/g vs 72,108 (64,056-82,430)
pmol/g (p = 0.063). This difference remained borderline
significant after adjusting for covariates sex, race,
education, presence of APOE ε4 allele, diabetes, and
hypertension (p = 0.086). We did not observe a significant
difference in α-tocopherol concentrations between
subjects with Braak I-II and Braak V-VI which was
67,415 (60,877-68,922) pmol/g, either before or adjusting
for covariates. As shown in Figure 2B, we also did not
observe any significant differences in γ-tocopherol
concentrations among three Braak stage groups either
before or adjusting for covariates (Braak I-II: 1,524 (1,2902,158) pmol/g; Braak III-IV: 1,367 (1,135-1,732) pmol/g;
Braak V-VI: 1,311 (1,074-1,983) pmol/g).

Discussion
In this cohort of centenarians, brain α-tocopherol
concentration was inversely associated with NFT counts
in brain structures affected during earlier but not later
stages of NFT topological progression. Our findings are
supported by the effect of α-tocopherol supplementation
on delaying or abolishing tau hyperphosphorylation
previously observed in two in mouse models of AD
(21,24), although NFT count was not assessed in these
studies. Early, but not late, vitamin E administration
also reduced amyloid deposit in an AD mouse model
(23), though NFT topological progression pattern in the
human brain is more predictable and distinctive than
Aβ pathology and likely to better represent the course of
AD (5–7). Since increased oxidative stress (as measured
by hydrogen peroxide production, lipid peroxidation,
protein oxidation) precedes and may contribute to the
formation of amyloid deposit and NFT (30–32), this
may be a crucial period for vitamin E, being a strong
lipid-soluble chain-breaking antioxidant, to manifest its
action in a timely fashion. Unfortunately, no measure
of oxidative stress was available in the GCS brains and
we were not able to investigate the association between
tocopherol status and oxidative stress. However, it has
been shown that an administration of α-tocopherol
significantly reduced lead-induced and brain injuryinduced oxidative damage in rat brain (in vivo) (33,34),
and hydrogen peroxide-induced oxidative damage in
sheep brain (in vitro) (35).
Though both forms of tocopherol possess antioxidative
activity as measured by different assays (36), the observed
association with NFT counts in the GCS subjects was
specific to α-tocopherol. The brain preferentially
14

accumulates α-tocopherol despite γ-tocopherol
accounting for 70% of dietary vitamin E in the U.S. (8), as
reflected by a high brain α- to γ-tocopherol ratio in three
different cohorts of older adults: γ-tocopherol was on
average 1.0% in brain tissues obtained from 5 older adults
(37), ranging from 1.0%-8.2% in the GCS, 2%-10% in the
study by Williamson et al.(14), and 28%-38% in the Rush
Memory and Aging Project (MAP) cohort (12).
To further compare our results with a similar study
investigating the association between brain tocopherol
concentrations and Braak NFT stages (the MAP cohort
of older adults whose age at death was 88.5 (5.9)
years) (12), the same analytical approach was adopted
(Supplemental Table 5). We have similarly found that
α-tocopherol concentrations were not linearly associated
with Braak stages. However, GCS decedents with Braak
III-IV, but not Braak V-VI, had a trend toward lower
brain α-tocopherol concentration than those with Braak
I-II (p = 0.063). While not observed in the GCS cohort,
brain γ-tocopherol status was also inversely and linearly
associated with Braak staging in the MAP cohort. The
drastic difference of brain α- to γ-tocopherol ratio in
these two cohorts should be noted, which could be due
to difference in the detection method, brain regions
assessed, subject characteristics, or dietary intake.
Moreover, while Braak NFT staging is a useful measure
of NFT topological progression, it is less informative as to
the frequency of NFT in each brain region. For example,
two individuals with Braak III may have very different
NFT counts in the limbic system (7). Our study has its
strength in the availability of both measures.
The association between NP counts in any brain region
with either α- or γ-tocopherol was also not observed in
the GCS decedents, as compared with the MAP study
where γ-tocopherol concentrations were inversely
associated with global amyloid load (12). The distinction
between the two studies could be explained by the way
amyloid pathology was differentially assessed (NP count
in the GCS and amyloid load in the MAP) and in different
brain regions. While the presence of NP is generally
associated with cognitive impairment (38,39), global
amyloid load is a prerequisite for AD diagnosis and
catalyzes the pathological process that leads to dementia
(40). An interaction between α- and γ-tocopherol
concentrations on amyloid load was also observed in the
MAP cohort (the association between α-tocopherol and
amyloid load was dependent of γ-tocopherol status),
but no interaction between α- and γ-tocopherols was
observed in our study (p > 0.05 for the interaction term).
Higher dietary and serum vitamin E levels have been
consistently associated with lower risk of age-related
cognitive impairment and AD independently of other
nutrients in numerous observational studies (15–18,41),
while, though rarely observed in the U.S. population,
vitamin E deficiency leads to neurological symptoms
(20). On the other hand, most vitamin E interventions
in subjects with or without cognitive impairment or AD
have been unsuccessful in delaying or reversing the
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clinical symptoms (42). Findings from these trials do not
contrast our findings since more than one neuropathology
coexists in the brain of centenarians (27), and cognitive
impairment have been associated with a wide range
of pathologies in this cohort of centenarians (43). The
presence of NFT in subcortical nuclei may not reflect in
clinical manifestation (5, 44–47), especially in the oldest
old (43,48). We have previously observed the association
between cerebral and serum α-tocopherol concentrations
(which likely reflect habitual intake levels) in the GCS
population (49). More importantly, since the assessment
of baseline vitamin E status or intakes were also not
performed in these vitamin E supplement trials (42), it
is difficult to accurately gauge the benefits of vitamin E
supplementation. Our findings, despite being derived
from a group of subjects with a wide range of cognitive
status (MMSE ranging from 0 to 29), support the
importance of maintaining optimal α-tocopherol status,
such as through a healthy diet, as an approach to lower
the risk of tauopathy-associated cognitive impairment
including AD and primary age-related tauopathy, as
opposed to it being a treatment after clinical symptoms
have manifested. Future longitudinal studies or clinical
trials in subjects free of dementia at baseline should be
carried out to further substantiate this notion.
Our study has its strength in the availability of
brain tocopherol concentrations in decedents with
varying severity of AD pathology. Although vitamin
E concentrations are only available in FC, TC, and
OC, they are correlated with serum concentrations
and likely to reflect the habitual intakes (49). Data in
murine and rodent models also suggest a correlation
of tocopherol concentrations between neocortical and
other brain regions as a result of varied vitamin E intakes
(50–52). For example, when a group of rats were fed a
diet supplemented with α-tocopherol for 8 months, a
significant increase of α-tocopherol concentration in the
cerebral cortex, hippocampus, cerebellum, and striatum
was similarly observed (50). Other major limitations
of this study include exploratory findings in a cohort
of centenarians whose characteristics were relatively
homogenous (age, sex, race). Mixed neuropathologies
have been observed in the cohort and the oldest old
may possess certain longevity-associated traits (27, 53).
Therefore, findings in this demographic group may
not be directly extrapolated to lesser-aged older adults
whose characteristics and pathology of dementia may be
different. Multiple tests in a small cohort of subjects may
also introduce false positives. However, the associations
are consistently and specifically observed in brain
structures where NFT affects during earlier stages of the
disease, both before and after adjusting for covariates.
Due to very limited numbers of patients diagnosed with
primary age-related tauopathy as estimated to be 21% in
centenarians (27), we were also not able to perform a subgroup analysis exclusively in these patients.
In conclusion, we observe a cross-sectional association
between higher brain α-tocopherol and lower NFT counts
15

specifically in regions affected during earlier Braak stages.
Findings from the GCS cohort warrant future clinical
trials that investigate vitamin E’s roles in the prevention
of NFT progression and, ultimately, age-related
dementia. With the recent advancement of neuroimaging
technology (e.g. Positron Emission Tomography [PET]
scan allowing tau deposition to be visualized in vivo) and
biomarker research (e.g. plasma tau and cerebrospinal
fluid tau and phosphorylated tau) (54, 55), clinical trials in
which participants free or at low levels of tau pathology
at baseline are tracked over time should be put forward.
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