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1 | BACKGROUND

SueE. Leurgans* |

Abstract

Introduction: Higher brain tocopherol levels have been associated with lower levels
of Alzheimer’s disease (AD) neuropathology; however, the underlying mechanisms are
unclear.

Methods: We studied the relations of a- and y-tocopherol brain levels to microglia den-
sity in 113 deceased participants from the Memory and Aging Project. We used linear
regression analyses to examine associations between tocopherol levels and microglia
densities in a basic model adjusted for age, sex, education, apolipoprotein E (APOE)e4
genotype (any &4 allele vs. none) , and post-mortem time interval, and a second model
additionally adjusted for total amyloid load and neurofibrillary tangle severity.

Results: Higher «- and y-tocopherol levels were associated with lower total and acti-
vated microglia density in cortical but not in subcortical brain regions. The association
between cortical a-tocopherol and total microglia density remained statistically signifi-
cant after adjusting for AD neuropathology.

Discussion: These results suggest that the relation between tocopherols and AD might

be partly explained by the alleviating effects of tocopherols on microglia activation.

KEYWORDS
amyloid, anti-inflammatory, antioxidants, cerebral cortex, glial cells, inflammation, microglia, nutri-
tion, pathology, tau, tocopherols, vitamin E

y-tocopherol levels and AD neuropathology. We showed that higher

brain y-tocopherol levels were associated with lower levels of amyloid

Vitamin E is considered a powerful antioxidant and has been often
associated with reduced risk of cognitive decline and Alzheimer’s dis-
ease (AD) dementia.1# Although y-tocopherol is the major form of vita-
min E in the U.S. diet, a- tocopherol is the most biologically active form
of vitamin E and the main compound of vitamin E supplements.> In

previous work, we examined the associations between brain a- and

load and neurofibrillary tangle severity. In addition, we found that high
brain a-tocopherol levels in combination with low y-tocopherol levels
were associated with higher amyloid load.6 This work provided fur-
ther support for the potential protective effects of vitamin E on AD,
but has also highlighted the complexity of these relationships. More-

over, whereas there is expansive literature on the beneficial effects of
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dietary intake of vitamin E on cognition, clinical trials testing the effects
of high-dose a-tocopherol supplementation have largely failed.17:8
These apparent conflicting results have raised the need to unravel
the potential underlying mechanisms by which tocopherols relate
to AD.

Vitamin E is well-known for its antioxidant properties, but might
influence a variety of other neuroplasticity aspects that could explain
their neuroprotective effects. For example, brain vitamin E has been
related to neurogenesis, neuronal differentiation, synaptic function-
ality of the hippocampus, and cell signaling pathways.? Of interest,
in vitro and animal models have shown that the effects of vitamin E
on cell signaling pathways lower inflammatory responses that induce
microglia activation.1%11 Chronic microglia activation is likely to play
a major role in AD as it relates to neuronal and synaptic loss and
tau exacerbation.12 We therefore hypothesized that if vitamin E can
reduce microglia activation that this could be one of the biological
mechanisms driving the inverse relation between tocopherols and
accumulating AD damage.

In this study we examine the associations of brain a- and y-
tocopherol levels with microglia activation and their relation with AD
pathology among deceased and autopsied participants of a community
cohort.

2 | METHODS
2.1 | Studysample

This study reports on 115 deceased and autopsied cases partici-
pants of the Rush Memory and Aging Project (MAP) who were ana-
lyzed for both brain tocopherols and neuropathology. The Rush MAP
is an ongoing clinical-neuropathological cohort study of persons liv-
ing in or near Chicago in continuous care retirement communities
and subsidized housing that began in 1997.13 Clinical diagnosis of
AD is made after review of annual clinical evaluations and neu-
ropsychological test examinations by an expert neurologist who is
blinded to neuropathologic findings.!# Volunteers are enrolled with-
out a known history of dementia, and all agreed to annual clinical
evaluations and to brain autopsy at their death. Written informed
consent was obtained from all study participants and the study was
approved by the Rush University Medical Center Institutional Review
Board.

2.2 | Brain neuropathology

Brain autopsies for the analyzed cases were performed, on average,
6.5 hours after death according to previously described methods.13
Autopsied brains were processed and dissected into two hemispheres
at the Rush Alzheimer’s Disease Center laboratory, one fresh hemi-
sphere was cut into 1 cm coronal slabs, stored in a —80°C freezer, and
used for the tocopherol quantification as described below. The con-
tralateral hemisphere was fixed in 4% paraformaldehyde in 0.1 M phos-

HIGHLIGHTS

e Higher brain «- and y-tocopherol levels are associated
with lower activated microglia density in cortical but not
in subcortical brain regions.

e The association between higher brain a-tocopherol and
lower total microglia density remains intact even after
adjustment for AD neuropathology.

e Brain a-tocopherol levels may create an anti-
inflammatory environment that reduces total microglia
density.

e Brain tocopherol levels might protect against AD neu-

ropathology by reducing microglia density and activation.

RESEARCH IN CONTEXT

1. Systematic review: Literature review shows that higher
vitamin E intake reduces the risks for cognitive decline
and AD dementia. Moreover, higher levels of brain toco-
pherols have been related to lower levels of amyloid and
neurofibrillary tangle severity. The mechanisms underly-
ing this relation have however not been studied in human
brain.

2. Interpretation: This study, of over 100 human brain cases,
showed that one potential biological mechanism under-
lying the relation between vitamin E and AD might be
the anti-inflammatory effects of brain tocopherols on
microglia activation.

3. Future directions: This cross-sectional study highlights
the potential effect of tocopherols on microglia activa-
tion. Longitudinal animal or translocator protein positron
emission tomography studies that measure microglia acti-
vation in vivo are, needed, however, to further determine

the sites of action of brain tocopherols.

phate buffer for at least 48 to 72 hours, cut into 1 cm coronal slabs,
and used for brain neuropathology and microglia counts. Tissue blocks
from multiple cortical regions of the brain were prepared for immuno-
histochemistry and quantification of amyloid load and Braak staging of
neuronal neurofibrillary tangles (NFTs), as described previously.. Amy-
loid load was a composite measure of the percent area occupied by
amyloid beta across eight cortical regions determined by averaging the
values obtained by systematic computerized sampling in each region
of interest. Braak NFT stage was determined using a modification of
recommended criteria, resulting in a score on a scale of O (no NFT in
any region) to 6 (frequent tangles in multiple regions).1> Immunohis-
tochemistry for microglia was performed using an Automated Leica

Bond immunostainer (Leica Microsystems Inc., Bannockborn, IL) and
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FIGURE 1 Representative photograph of microglial morphological states in the inferior temporal cortex. Scale bars are 10 um

antibodies to human HLA-DP, HLA-DQ, and HLA-DR (clone CR3/43,
1:100, DakoCytomation, Carpentaria, CA) using Bond epitope retrieval
and detection.1® The Microbrightfield Stereology System outlined gray
matter from the cortical and subcortical regions on each slide. The
Stereo investigator 8.0 software program was used to place a 1000 um
by 750 um sampling grid over the region, and sample 4.0% of the region
with a 200 x 150 pm counting frame at 400x magnification at inter-
val grid intersection points. Microglia have long fine processes; when
these cells become activated, however, these processes thicken and
contract and the cell body becomes more rounded. An investigator
blinded to the clinical and pathologic data assigned separate tags to
each microglia in the counting frames: stage | (thin ramified processes),
stage Il (plump cytoplasm and thicker processes), and stage Il (appear-
ance of macrophages) (Figure 1).17 It is important to note that previ-
ous studies have shown that the classification system with using cur-
rent MHCII+ marker used in this study correlates well with human
genetic variants relating to microglial biology or AD, cognition, and AD
pathology.1617 The total number of microglia per region was estimated
by the stereology software based on the counts in each counting frame.
Average microglia densities from two adjacent tissue blocks were used
to obtain average densities of microglia in two cortical (inferior tempo-
ral and midfrontal) and two subcortical brain regions (posterior puta-

men and ventromedial caudate).

2.3 | Braintocopherol analyses

Frozen brain tissue from the same two cortical (inferior temporal
and midfrontal) and two subcortical brain regions (posterior puta-
men and ventromedial caudate) were analyzed for tocopherol con-
centrations using high-performance liquid chromatography (HPLC)
coupled to electrochemical detection as described previously.181?
Extraction losses were corrected for recoveries of the internal stan-
dard, é-tocopherol. We eliminated from the analyses two cases
with extreme values (a-tocopherol >10,000 pmol/mg; y-tocopherol
>900 pmol/mg).

2.4 | Vitamin E intake

Vitamin E dietary and supplement intake was assessed using a semi-
guantitative food frequency questionnaire (FFQ) validated in a sample
of older Chicago residents.2® Daily intake of vitamin E was obtained by
multiplying the vitamin E content of each food item (from the Harvard
nutrient database) by reported frequency of intake, and summing over
all food items. All nutrients were calorie adjusted by the regression-
residual method. Supplement use and dosage was calculated from vita-
min E (e-tocopherol) and multivitamin supplements. Dietary and sup-
plement intake were averaged over all valid FFQs available for each

participant.

2.5 | Statistical analyses

Microglia density scores were calculated for stage I/11/111 (total count),
stage /11l (activated microglia), and stage Ill (macrophages). Toco-
pherol levels and microglia densities were averaged across the two
cortical (inferior temporal and midfrontal) and two subcortical regions
(posterior putamen and ventromedial caudate). Paired t tests and
Mann-Whitney U tests were used to compare levels of tocopherols
and microglia density in cortical and subcortical brain regions when
appropriate. Next, all brain tocopherols levels and microglia densi-
ties (stages II/Ill and 11l) were log transformed to improve normal-
ity. In addition, all measures were standardized to z-scores to enable
comparison of effect sizes on a normalized scale. Spearman’s corre-
lations were used to assess correlations between cortical and sub-
cortical tocopherol levels, cortical and subcortical microglia densi-
ties, and between dietary and total (dietary + supplement) intake
of vitamin E and tocopherol brain levels. Linear regression models
were used to examine the associations of brain tocopherols (con-
tinuous determinants) with microglia density (continuous outcome).
The basic model was adjusted for age at death, sex, years of educa-
tion, apolipoprotein E (APOE) ¢4 genotype (any €4 allele vs. none),

and the time interval from death to autopsy (hours). In a second
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TABLE 1 Descriptives of 113 memory and aging project
participants

Clinical characteristics

Age at death, mean years + SD 88.5+6.0
Female, n(%) 68 (60%)
Education, mean years + SD 149+ 2.6
APOEe4, n(%) with at least one allele 30(27%)
Clinical AD diagnosis, n(%) 38 (34%)
Post-mortem autopsy, mean hours + SD 65+32

a-tocopherol, median pmol/mg (IQR)
232.2(76.0,356.4)
158.7 (105.0, 286.6)

Cortical a-tocopherol

Subortical a-tocopherol
y-tocopherol, median pmol/mg (IQR)
57.1(42.9,92.5)
63.6(48.4,81.3)

Cortical y-tocopherol

Subcortical y-tocopherol
Microglia stage I/11/111, median density (IQR)
153.2(111.2,194.0)
209.2(175.8,244.1)

Cortical microglia stage I/11/111
Subcortical microglia stage I/11/111

Microglia stage II/11l, median density (IQR)

Cortical microglia stage /111 3.9(1.2,11.7)

Subcortical microglia stage I1/111 4.3(1.9,9.5)
Microglia stage Ill, median density (IQR)

Cortical microglia stage Il 0.8(0.1,2.9)

Subcortical microglia stage Il 1.1(0.4,2.4)

Differences between cortical and subcortical tocopherol levels and corti-
cal and subcortical microglia density were tested using t tests or Mann-
Whitney U tests when appropiate.

Microglia stages | to Il represent stages of microglial activation; microglia
density scores were calculated for total count (stage I/11/1l), activated
microglia (stage I1/111), and macrophages (stage IIl).

AD, Alzheimer’s disease; APOE, apolipoprotein E; IQR, interquartile range;
SD, standard deviation.

*P < .05 to cortical level.

model we additionally adjusted for amyloid load and NFT severity.
Subsequently, we repeated the basic model with additional adjustment
for clinical AD. Finally, we performed a sensitivity analyses for the asso-
ciation of y-tocopherol levels with microglia density, excluding two out-
liers. All analyses were performedinR (3.4.2[2017-09-28]). A probabil-
ity level of P <.05 was considered statistically significant.

3 | RESULTS

The study sample of 113 deceased MAP participants had a mean (SD)
age of 88.5 (6.0) years at death, included more female than male partici-
pants (n =68, 60%),and had amean (SD) 14.9 (2.6) years of education. A
total of 38 participants (34%) had a clinical diagnosis of AD at last eval-
uation prior to death and 30 participants (27%) had at least one APOE
£4 allele. The mean (SD) time to autopsy was 6.5 + 3.2 hours (Table 1).
Tocopherol levels and microglia density did not differ between cor-

tical and subcortical brain regions, except for total microglia density

(stage I/11/111), which was lower in cortical than in subcortical regions
(Table 1). Concentrations of a-tocopherols but not y-tocopherols
were moderately correlated between cortical and subcortical regions
(r = 0.60, P < .001 for a-tocopherol, and r = 0.14, P = .14 for y-
tocopherol; Spearman correlation). The most predominant form of
tocopherols in the brain was a-tocopherol: a-/y-tocopherol ratio was
70%/30% for cortical and 72%/28% for subcortical regions. Microglia
density was modestly correlated between cortical and subcortical
brain regions (r = 0.43, P < .001 for stage I/lI/Ill, r = 0.55, P < .001
for stage Il/lll, r = 0.47, P < .001 for stage lll; Spearman correla-
tion). The predominant morphology of microglia was stage |, as the
ratio of activated (stage Il/II1)/total count microglia was 4%/96% for
cortical brain regions and 3%/97% for subcortical brain regions. Total
intake (dietary + supplement) of vitamin E was marginally correlated
with brain a-tocopherol (Spearman r = 0.23, P = .02 cortex; r = 0.20,
P = .04 subcortical regions) but not y-tocopherol brain levels (Spear-
man r = —0.10, P = .33 cortex; r = —0.14, P = .15 subcortical regions).
Dietary intake alone was not correlated with brain a- or y-tocopherol
levels (r[range] = —0.10,0.03).

In separate linear regression models, higher a- and y-tocopherol
levels were associated with lower total (stage I/11/Ill) and activated
(stage II/11l and I11) microglia density in the cortex (Table 2, Figures 2
and 3). When we adjusted additionally for amyloid load and NFT
severity, effect estimates were smaller, most strongly for the asso-
ciations with activated microglia (stage II/lll and stage Ill). Only the
association of higher a-tocopherol levels with lower total microglia
(stage 1/11/111) density in the cortex remained statistically significant
(B [SE] —0.20 [0.09], P = .03, Table 2). We found no associations
between tocopherols and microglia density in the subcortical brain

regions.

3.1 | Clinical AD effects

To determine if the association between higher tocopherol levels and
lower microglia density in the cortex was driven by a disease effect, we
re-analyzed the basic model additionally adjusting for clinical AD diag-
nosis. The associations between higher tocopherol levels and lower
total and activated microglia density in the cortex as described for the
basic model, remained, however, intact after statistical adjustment for
aclinical AD diagnosis (Table S1).

3.2 | Sensitivity analyses

In our sample, two cases had low levels of y-tocopherol (< 1 pmol/mg)
and relatively high (activated) microglia density in the cortex. To deter-
mine the effect of these two cases on our findings for y-tocopherol we
performed a sensitivity analysis. After exclusion of the two cases with
low y-tocopherol levels the effect sizes of our associations between y-
tocopherol and total and activated microglia density remained intact,
but lost significance for stage 11/1ll and total (stage I/11/11) microglia
density (B(SE) —0.25 (0.14), P = .07 total microglia (stage I/11/111); B(SE)
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TABLE 2 Association of brain levels of a- and y-tocopherol with microglia density by brain region

Microglia stage I/11/111 Microglia stage II/111 Microglia stage Il
Tocopherols Brain region Model B (SE) P B (SE) P B (SE) P
a-Tocopherol Cortical Basic-adjusted’ -0.25(0.09) .01 -0.20(0.10) .04 -0.19(0.09) <.05
+AD pathology” -0.20(0.09) .03 -0.10(0.09) .25 -0.09(0.09) .28
a-Tocopherol Subcortical Basic-adjusted’ 0.11(0.10) 26 0.12(0.09) .20 0.04(0.09) .69
+AD pathology” 0.11(0.10) .28 0.12(0.09) .20 0.04(0.09) 69
y-Tocopherol Cortical Basic-adjusted’ -0.25(0.10) .01 -0.25(0.10) .01 -0.25(0.10) .01
+AD pathology” -0.15(0.10) 16 -0.07(0.09) 48 -0.07(0.09) 45
y-Tocopherol Subcortical Basic-adjusted’ -0.01(0.10) .89 0.004(0.09) 96 -0.01(0.09) 96
+AD pathology” -0.03(0.10) 79 0.02(0.09) .86 0.02(0.09) .80

The association magnitudes (B) are reported in SD (+SE) change in microglia density per 1 SD increase in tocopherol concentration. Microglia stages | to Il|
represent different stages of microglia activation, microglia density scores were calculated for total count (stage I/11/111), activated microglia (stage II/111), and
macrophages (stage Ill).

SE, standard error.

2Basic model adjusted for age at death (years), sex, education (years), APOE €4 (any £4 vs none) and post-mortem autopsy time (hours.

bBasic model +amyloid load and neurofibrillary tangle severity (Braak score).

® alpha-tocopherol ¢ gamma-tocopherol Cortical ® Subcortical

Microglia stage I/1I/1ll

Microglia stage I/l

Microglia stage IlI

¢

r T T T 1
-0.5 -0.25 0 0.25 0.5
SD increase in microglia density per
1-SD increase tocopherol concentration

FIGURE 2 Associations of brain tocopherol levels with microglia density. The standardized effect estimates on microglia density of brain
tocopherols adjusted for age, sex, education, post-mortem time interval, and APOEs4 genotype (any 4 allele vs. none) are shown. The estimates
are shown for a-tocopherol (circles) and y-tocopherol (diamonds) by region (cortical = yellow, subcortical = green). Point estimates are shown as
boxes with whiskers denoting the 95% confidence interval of the effect estimates. SD, standard deviation



60f9 Translational Research

DE LEEUW ET AL.

Clinical Interventions

Cortical

°

Microglia stage I1/ll (z-score)

Microglia stage I/l (z-score)

Microglia stage Iil (z-score)

-4 -3 2 -1 0
Alpha tocopherol (z-score)

Subcortical

-2 -1 0
Alpha tocopherol (z-score)

-2 -1 o
Alpha tocopherol (z-score)

o
Microglia stage I1/ll (z-score)

Microglia stage /Il (z-score)

Microglia stage l (z-score)

-1 0 1
Alpha tocopherol (z-score)

-1 0 1
Alpha tocopherol (z-score)

-1 0 1
Alpha tocopherol (z-score)

FIGURE 3 Scatterplots of the associations of a-tocopherol levels with microglia density. The upper graphs in dark blue depict the associations
in the cortical brain regions, whereas the lower graphs in light blue depict the associations in the subcortical brain regions. Microglia density and

a-tocopherol levels are shown as log-transformed z-scores

—0.27 (0.14), P = .05 stage II/1ll microglia; B(SE) —0.28 (0.14), P = .04

stage Il microglia).

4 | DISCUSSION

In this cross-sectional study, higher a- and y-tocopherol levels were
associated with lower activated microglia density in the cortical, but
not in the subcortical, brain regions. The association between cortical
a-tocopherol levels and total microglia density remained statistically
significant, even after additional adjustment for amyloid load and NFT
severity. The cross-sectional design of the analyses precludes conclu-
sions on the directionality or causality of these observed associations.
One possible explanation of these findings, however, is that microglia
activation mediates the relation between tocopherols and AD
neuropathology; that is, tocopherols might reduce microglia acti-
vation and thereby slow accumulating AD neuropathology. In
addition, a-tocopherol levels might protect the brain by creating
an anti-inflammatory environment independent of AD neuropathol-
ogy. Below we discuss our findings and the potential mechanistic
pathways that warrant further investigation.

The finding for higher tocopherol levels associated with lower
total and activated microglia density confirms findings of previous in
vitro and mice studies. In addition to its antioxidant function, vita-
min E has been shown to reduce microglia activation and inflamma-
tory responses.10:1121.22 For example, a study in AD mice showed that
treatment with a-tocopherol quinine suppressed microglia activation,

decreased levels of amyloid (Ap) oligomers, and reduced cognitive

decline.1® Of interest, two other studies found that vitamin E sup-
plementation increased microglia proliferation and activation,2324 but
decreased levels of interleukin (IL)-1p, indicating reduced inflamma-
tory responses.23 In contrast, a mice study found that, post-stroke,
vitamin E supplementation increased microglia activation and IL-15
levels.25 Together this could indicate that tocopherols are helpful to
reduce chronic inflammation and keep an anti-inflammatory state, but
might exacerbate inflammation after acute brain injury. Longitudinal
animal studies, comparing models of acute and chronic inflammation,
will therefore help to better understand in which inflammatory setting
tocopherols can be beneficial.

An extra difficulty in evaluating the contrasting results of these
studies is the possibility that microglia activation may have different
effects on the brain depending on the stage of AD. That is, during acute
inflammation and in early stages of AD, microglia activation might have
beneficial effects. Microglia can restore homeostasis, remove debris,
clear soluble A, and build protective barriers around Ag plaques.1226
As the disease progresses, however, continued microglia activation can
have detrimental effects on neurons and synapses and can exacerbate
tau pathology.12 Altogether, whereas microglia proliferation and acti-
vation is not always a bad omen, continued microglia activationin AD is
harmful, and alleviation of microglia activation by tocopherols is likely
to be beneficial.

We found that high tocopherol levels were associated with reduced
microglia activation in the cortical regions but,not in subcortical
regions. Microglia activation is strongly related to AD pathology.2’
Cortical regions, such as the inferior temporal and medial temporal cor-

tex measured in this study, are known to be affected by AD pathology
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relatively early in the disease process.286 Moreover, a previous study
found that activated microglia relate only to AD pathology in the cor-
tical brain regions.1” The regional differences we found could indicate
that the association between tocopherols and microglia activation is in
close relation with the level of AD neuropathology. The regional differ-
ences, might also be explained by tocopherol metabolism. Molecular
determinants of tocopherol transport in the periphery, such as scav-
enger receptor class B type 1 and tocopherol transfer protein (TTP),
are also found in the central nervous system, suggesting similar trans-
port routes in the brain as in the periphery.’> TTP has been detected
in hippocampal cells of AD patients and in patients with other neuro-
logical oxidative stress-related conditions, and not in controls, which
has led to the hypothesis that TTP availability may be upregulated in
oxidative stress settings and might help to get tocopherol to the sites
where it is most needed.2?-30 However, in this study, we found no differ-
ences in tocopherol levels or activated microglia density between the
cortical and subcortical regions. Future studies should include a larger
sample, more brain regions, and a considerable number of subjects
without AD pathology to test if level differences in tocopherol and/or
microglia activation can be detected and to understand if regional
differences are a consequence of physiological differences between
brain regions or an effect of oxidative stress and AD pathological
change.

To our knowledge this is the first study to report on associations of
tocopherols with microglia activation in humans. Our sample, with 115
brain cases, is relatively large in comparison to other neuropathological
studies and allowed us to adjust for the most important confounding
factors. We performed a sensitivity analysis excluding two cases with
very low levels of y-tocopherols. Reassuringly, the effect sizes for the
associations between higher y-tocopherol levels and lower microglia
density remained intact. The novelty of our data and the limited sam-
ple size of this study make it difficult, however, to further evaluate
nonlinear relations. State of the art techniques were used to measure
tocopherol levels and microglia density within two cortical (strongly
affected by AD pathology) and two subcortical regions (relatively unaf-
fected by AD pathology). Microglia were visualized using immunohis-
tochemical markers of activation and sampled uniformly. There are,
however, important limitations to consider. First, the relation between
microglia morphology and function is complex. Microglia are, how-
ever, well known to change shape in response to brain injury, including
neurodegeneration, which gives confidence that microglia morphol-
ogy reflects changes in microglia function.l” Moreover, the manual
count of microglia causes some subjectivity. Manual count and auto-
mated methods have shown comparable inter-operator variability.3?
Second, microglia morphology is complex with many intermediate
phenotypes.1731 Single-cell analysis, which can capture this hetero-
geneity, is, however, difficult to perform in large samples.32 But com-
bining morphologic count with data-driven spatial statistics, as shown
in a previous study, might be an interesting next step to get bet-
ter insight in the heterogeneity of (activated) microglia.3! Third, we
find that infiltrating macrophages, if present in the brain tissue sam-
ple, are not separated from microglia, which may cause an error in
our microglia counts, particularly when they are activated. However,

Clinical Interventions

recent single-cell analysis studied performed on our brain samples have
shown that these cells represent a very small minority of the cells (+/—
1%), and therefore we believe this unlikely to influence our results.32
Furthermore, the a-tocopherol, y-tocopherol levels are higher and the
a-/y-tocopherol ratio is lower in our study than reported by the Geor-
gian Centenarian Study.33 Currently, there are limited studies that
measure tocopherols in human brain, so we can only speculate on the
reasons for this difference. Possible explanations could be differences
in population or measurement methods. The population of the present
study was younger and included more males, in comparison to the
Georgian Centenarian Study.33 Moreover, although both studies used
HPLC to measure the tocopherols, differences in internal standards
or other (pre-)analytical factors might explain the difference in find-
ings. It would therefore be important in future research to measure
tocopherols in more brain regions and to compare different analytical
methods.

Underlying mechanisms that explain the relation between vitamin
E and AD pathology are of interest for the design of future dietary
intervention trials. If replication studies can confirm that higher toco-
pherol levels relate to lower activated microglia density, this would fur-
ther contribute to the need for attention for dietary interventions trials
that optimize vitamin E levels. Ideally, new vitamin E intervention stud-
ies would evaluate treatment effect of vitamin E on microglia activa-
tion. Measurement of microglia activation in vivo is still difficult, but as
positron emission tomography (PET) tracers are quickly improving this
might be feasible in the near future.343> First, however, our model in
which vitamin E reduces microglia activation, should be validated with
longitudinal animal studies or PET studies. It is notable that several of
our findings support a model in which nutritional intake is responsible
for the brain tocopherols instead of disease effects. First, we found that
total (dietary + supplement) intake of vitamin E was moderately corre-
lated with brain a-tocopherol. A similar moderate association has been
reported previously between total intake and serum a-tocopherol lev-
els and between serum and brain - and y-tocopherol levels.3336 These
associations support the concept that dietary intake is likely to influ-
ence brain tocopherol levels. Second, if these findings were a conse-
guence of global disease effects we would have expected to find sim-
ilar effects in cortical and subcortical brain areas. Finally, when we
correct our models for a clinical diagnosis of AD, our associations of
higher tocopherol levels with lower microglia activation in the cortex
remained intact.

To conclude, higher tocopherol levels are associated with lower
levels of activated microglia density in cortical but not in subcorti-
cal regions. Strong inverse associations between a-tocopherol levels
and total microglia density remained intact, even after controlling for
AD pathology. Together this implies that reduction of microglia activa-
tion is one of the potential mechanisms by which tocopherols protect

against AD neuropathology.
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