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ABSTRACT

Background: Exposure to elements in groundwater (toxic or beneficial) is commonplace yet, outside of lead and mer-
cury, little research has examined the impact of many commonly occurring exposures on mental abilities during the
aging process. Selenium has antioxidant properties as part of the glutathione peroxidase system and may have protective
effects on memory abilities. Objectives. To investigate the relationship of groundwater selenium exposure to neuro-
psychological status. Method: Analysis of data from 484 participants (148 men and 336 women) of Project FRONTIER,
a community-based participatory research study of the epidemiology of health issues of rural-dwelling adults and elders.
Results: Estimated selenium exposure (current and long-term) was specifically related to memory functioning without
relation to other neurocognitive domains. The significant, positive link between selenium and memory (Immediate and
Delayed) scores held regardless of APOE4 status as well as when the sample was restricted to only those without cogni-
tive dysfunction. Current selenium was also associated with significantly reduced risk of cognitive decline prospectively.
Conclusions: Higher selenium levels were associated with better memory functioning as well as reduced risk of cogni-
tive decline among this community-based sample. Given the antioxidant properties of selenium, and the well-docu-
mented link between oxidative stress and the development of cognitive dysfunction and Alzheimer’s disease, additional
research is necessary to determine the utility of groundwater selenium monitoring as a potential population-wide pre-
vention effort against Alzheimer’s disease.

Keywords: Environmental Exposure; Cognition; APOE4; Selenium; Groundwater

1. Introduction risk for a number of poor health conditions including cancer
and cardiovascular disease [7,8] and selenium levels have
recently been found to be significantly lower among pa-
tients with Alzheimer’s disease when compared to non-
demented controls [9]. It has been suggested that cerebral
oxidative stress is one of the leading causes of cognitive
dysfunction [10] and a wealth of literature links oxidative
stress and the development of cognitive dysfunction and/or
dementia (i.e. Alzheimer’s disease). Therefore, groundwater
selenium exposure at optimum levels may hold promise
as a potential preventative effort aimed at staving off or
delaying onset of cognitive impairment at the population
level. However, the link between selenium and neurocogni-
tive status has only received minimal investigation in the
literature [7,11-13]. Gao and colleagues [7] evaluated the
link between selenium levels in fingernail samples and

The link between environmental exposures through drinking
water and health outcomes has received a great deal of
attention. As an example, exposure to arsenic and lead
through drinking water supplies has been associated to a
range of poor health outcomes including cancer, cardio-
vascular disease, diabetes, and poor cognition [1-6]. Ex-
posure to elements (toxic and non-toxic) through drink-
ing water supplies is a common occurrence though not all
of these elements have received adequate scientific atten-
tion.

Selenium is a trace element that has antioxidant prop-
erties through activity of glutathione peroxidase [7] and
is commonly present in drinking water. Low and overly
high levels of selenium have been associated with increased
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neuropsychological functioning using the CERAD neuro-
psychological battery in a sample of 2000 rural Chinese
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elders. In that study, lower selenium levels were signifi-
cantly associated with poorer scores in memory and ex-
ecutive functioning, but not verbal fluency. On the other
hand, Perkins et al. [13] failed to document a significant
relationship between serum selenium levels and cogni-
tive functioning when analyzing data from the National
Health and Nutrition Examination project (NHANES).
However, this discrepancy may have been due to the limited
cognitive screening that was utilized in the NHANES.
Longitudinally, Akbaraly et al. [11] analyzed data from a
community-dwelling French elderly cohort and found that
decreased plasma selenium level was associated with in-
creased cognitive decline after nine years and the greater
the decline in selenium over time, the greater chance of
cognitive decline. The current study was undertaken to fur-
ther this work by examining the link between groundwa-
ter selenium exposure and neuropsychological function-
ing.

The findings of a specific link between selenium and
memory among elders by Gao ef al. [7] is of critical im-
portance since semantic memory deficits are among the
first clinical manifestations of Alzheimer’s disease. Given
the rapidly growing epidemic of Alzheimer’s disease world-
wide [14] and the economic burden associated with this
devastating disease [15], it is of critical importance that
we understand factors that specifically impact memory
functioning. Current therapeutics for Alzheimer’s disease
are only minimally efficacious, which has led many re-
searchers to believe that prevention is the most appropri-
ate strategy [16]. The recently highly publicized NIH panel
discussion stated there are no current preventative strate-
gies against this Alzheimer’s disease; however, dietary fac-

tors were noted as promising avenues for further research.

The identification of drinking water exposures that con-
vey risk for or protection against memory decline and
Alzheimer’s disease would have profound implications
as it could open up the possibility of population-based pre-
vention strategies targeting this disease.

Therefore, the current study sought to build upon prior
work by examining the link between groundwater sele-
nium exposure and detailed neurocognitive functioning
among a sample of rural-dwelling U.S. adults and elders.
Based on the findings of Gao and colleagues [7], it was
hypothesized that lower selenium levels would be spe-
cifically related to poorer memory scores. If groundwater
selenium is to be useful in preventative efforts, it must
also be related to memory functioning among those without
overt signs of cognitive impairment. Therefore, we also
hypothesized that selenium levels would be significantly
related to memory performance when the sample was re-
stricted to only those participants who were judged to be
cognitively normal by consensus review. Gao et al. [17]
in 2009 documented that fingernail levels of selenium
were lower among ¢4 carriers of the APOE gene, which
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is also the strongest genetic risk factor for late-onset
Alzheimer’s disease. Therefore, we conducted explora-
tory analyses to determine if the link between selenium
and cognitive functioning varied according to APOE &4
status. Additionally, it is likely that current exposure only
provides partial picture of the importance of selenium given
that one is exposed chronically over long periods of time
through drinking water sources. Therefore, it was also
hypothesized that long-term selenium exposure at current
residence would be significantly positively related to mem-
ory abilities. Lastly, we conducted pilot analyses on the
impact of selenium on change in global cognition over time
by analyzing a sub-set of participants that were evaluated
through an initial pilot study as well as through the cur-
rent protocol. It was hypothesized that selenium levels
would be significantly associated with less global cogni-
tive decline.

2. Methods

Data was analyzed from 484 participants (148 men and
336 women) from Project FRONTIER. Project FRON-
TIER is an ongoing community-based participatory re-
search (CBPR) study of health among rural-dwelling adults
and elders. CBPR is a research methodology that partners
scientific groups with community members and organi-
zations to achieve the goals of the study. CBPR is par-
ticularly useful when working with underserved commu-
nities and it is recommended for rural research by the
National Institute of Environmental Health Sciences [18].
In Project FRONTIER, we have spent several years es-
tablishing and maintaining community ties through advi-
sory boards, presentations, community recruiters/assessors,
and partnering with community entities for completion of
parts of the research protocol (i.e. blood work and medi-
cal examinations). The findings from Project FRONTIER
utilizing this approach have been previously published
[19-22].

Once participants completed the consent process, s/he
underwent an interview (participant and informant), stan-
dardized medical examination, clinical labs, and neuro-
psychological testing. Inclusion criteria were 1) age 40 and
above and 2) residing in one of the counties part of Pro-
ject FRONTIER. Data for the current study came from
participants residing in Cochran County and Parmer County,
both of which are located on the Texas New Mexico border.
Participant recruitment was completed by community re-
cruiters through multiple modalities including brochures/
flyers, presentations and events, in-person and/or door-to-
door solicitation, as well as snowball recruitment. All
participants signed written informed consent and Project
FRONTIER is conducted under IRB approval.

In an initial pilot study, 316 participants in Cochran
County were run through a brief protocol, which included a
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Mini-Mental State Examination (MMSE) to establish the
feasibility of our CBPR approach. As of November 1, 2010,
188 of the original participants had completed the full
Project FRONTIER protocol outlined above. Of the 188
participants, 135 had the requisite information available
for the current study (i.e. baseline and follow-up MMSE
scores and selenium estimates) and were included in the
analyses (8 men and 127 women). The mean interval be-
tween testing was 1.8 years (sd = 1.5).

The Repeatable Battery for the Assessment of Neuro-
psychological Status (RBANS). The RBANS [23] is a
brief neuropsychological instrument that assesses multi-
ple cognitive domains [24]. It contains 12 subtests that
combine to create five indices: Attention, Language, Visu-
ospatial/Constructional Skills, Immediate Memory and De-
layed Memory. The RBANS has accumulated a large
amount of normative data and has good psychometric
properties and diagnostic accuracy [23, 25-27].

The Mini-Mental State Examination (MMSE) [28] is
the most commonly administered psychometric screening
assessment of global cognitive functioning. The MMSE
assesses working memory, recall, orientation, naming, abil-
ity to follow commands, reading and writing and is used
to screen for global cognitive impairment, track changes
in cognitive functioning over time, and oftentimes to assess
the effects of therapeutic agents on cognitive function [29].
Since its development, there has been a wealth of litera-
ture published on the MMSE demonstrating it to be a
relatively sensitive marker of dementia [30].

Determination of GIS-Selenium. Geographic informa-
tion system (GIS) is a way of displaying and analyzing
geographically reference information. GIS-based methods
are commonly used to estimate environmental exposures
[31-35]. We used the Environmental Systems Research
Institute (ESRI, 2009) ArcGIS (release 9.2) program to
plot a point for each of the selenium ground water meas-
urements from the publicly available Texas Water De-
velopment Board (TWDB). The TWDB is the most ex-
tensive state-level water surveillance system in the U.S.
with over 14,000 data points going back over 15 years.
Through inverse distance weighted (IDW) interpolation,
the ArcGIS software builds a three dimensional surface
map from a list of points. Each point’s influence is weighted
based off its distance to that section of the map, which
was generated using 12 well measurements from the TWDB
within the immediate geographic vicinity. Each of the
study participant’s current residential address was geo-
coded with the ArcGIS StreetMap data. Finally, GIS-
selenium concentration was calculated by extracting the
estimated selenium value from the IDW surface at each
resident’s location. The inter-rater reliability of our GIS
approach to calculating our groundwater elements is very
high (Pearson Correlation coefficient > 0.9). In order to

calculate an estimate of long-term selenium exposure (i.e.
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cumulative exposure at current residence), the number of
years at current residence was multiplied by the current
selenium estimates as the groundwater selenium in these
regions has remained relatively consistent over the last
15 + years.

APOE genotype (€2, €3, or ¢4) was conducted on par-
ticipants who provided whole blood for DNA extraction
in the Project FRONTIER database. APOE allele geno-
typing was carried out via standardized PCR methods.

Using the entire sample, linear regression models were
created using SPSS version 18 with raw RBANS index
scores entered as outcome variables and selenium as pre-
dictor variables. Covariates entered into the models were
age, gender, education, language of administration (Eng-
lish or Spanish) and APOE4 (presence/absence). In order
to examine the link between chronic selenium exposure and
cognition, the regression models described above were
re-run using long-term selenium exposure estimates as
the predictor variable. Lastly, to test the hypothesis that se-
lenium (current and chronic) exposure would be signifi-
cantly linked to memory functioning among normally func-
tioning adults and elders, the sample was then restricted
to only those participants who were judged to be “nor-
mal” on consensus review. Analyses were also re-run by
APOEA4 status (present/absent) to determine if the link
between selenium and cognitive functioning varied accord-
ing to this genetic marker. In order to determine if sele-
nium exposure was related to change in global cognition,
a MMSE change score was calculated
(AMMSE = MMSEbaseline — MMSEfollowup). Next, a
linear regression model was created with AMMSE as the
outcome variable and current selenium levels as the pre-
dictor variable; age, gender, education, and language of
test administration were utilized as covariates.

Cognitive status was assigned by consensus panel ac-
cording to the following criteria: normal cognition (no
observed deficits on cognitive examination and no self-
or informant-report of cognitive dysfunction-adapted from
the Mayo criteria), Age Associated Cognitive Impairment
(AACI) [36], Mild Cognitive Impairment (MCI) (without
requirement of cognitive complaint) [37], Alzheimer’s dis-
ease [38], vascular dementia [39], or dementia not other-
wise specified (NOS, meets criteria for dementia but does
not fit into one of the other categories).

3. Reaults

The mean age and education of the sample was 62.62 (sd
= 12.75; range = 40 - 97) and 10.77 (sd = 4.40; range = 0 -
20), respectively. Mean GIS-based selenium level was
18.91 pg/L (sd = 10.45; range = 4.20 - 56.32). Seventy-
seven percent of the sample was tested in English with
the remainder completing the assessment in Spanish.
Eighty-eight percent of the sample self-reported their
race as White and 38% reported their ethnicity as Mexi-
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can American. Demographic characteristics of the sam-
ple are presented in Table 1. Consensus classification of
participants regarding cognitive status was as follows:
normal n = 324, AACI n = 49, MCI n = 96 and dementia
(all cause) n = 15. On average, participants resided in
their current residence for 34 years (sd = 20 yr, range =1 -
80 yr). Of those who had been genotyped, there were 338
participants (74%) who were APOE4 negative and 117
(26%) who were APOE4 positive. Table 1 presents the
demographic characteristics of the sample along with
mean selenium levels and mean RBANS scores.

In the subset seen longitudinally from the pilot project
(n = 135), baseline mean age and MMSE scores were
60.7 (sd = 13.4, range = 40 - 94) and 27.3 (sd = 2.5,
range = 18 - 30), respectively. Mean AMMSE was 0.35
(sd = 2.30; range = 7 - 13). Of note, a negative score is
reflective of an increased MMSE score over time periods;
therefore, on average, participants declined approximately
one-half point on the MMSE over time though some de-
clined a total of 13 points.

In the total sample, selenium levels were not signifi-
cantly related to global cognition (i.e. MMSE scores) (p
> (.05). Selenium levels were significantly and positively
related to RBANS memory indices. Specifically, higher
selenium was significantly related to better scores in Imme-
diate Memory (= 0.107, p =0.01) and Delayed Memory,
(B = 0.325, p < 0.001). Selenium levels were not related
to other cognitive domains (i.e. Attention, Visouspatial skills,
and Language). The results of the regression analysis can be
found on Table 2. Current selenium exposure was signifi-
cantly related to Immediate Memory among APOE4 ne-

Table 1. Demogr aphic characteristics.

Mean (sd) Range
Age 62.62 (12.75) 40-97
Education 10.77 (4.40) 0-20
GIS-selenium (pg/L) 18.91 (10.45) 420 -56.32
RBANS Immediate Memory
40.89 (9.47)5-61
RBANS Visuospatial 28.90 (6.36) 0-40
RBANS Language 27.05 (5.53) 8-41
RBANS Attention 46.03 (16.41) 9-100
RBANS Delayed Memory 36.53 (9.21) 10 - 60

36.53(9.21) 10 - 60

sd = standard deviation; GIS = Geographic Information System; RBANS =
Repeatable Battery for the Assessment of Neuropsychological Status.
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gative participants (f = 0.105, p = 0.037), but not APOE4
positive individuals. Selenium was significantly, positively
associated with Delayed Memory scores among both
APOE4 positive (f = 0.289, p = 0.003) and APOE4
negative (f = 0.341, p <0.001) individuals.

Long-term exposure to selenium over the number of
years at the current residence was only significantly posi-
tively related to Delayed Memory (8 = 0.268, p < 0.001)
without being related to other neuropsychological domains.
This finding held for both APOE4 positive (§ = 0.273, p
= 0.02) and APOE4 negative (f = 0.226, p = 0.001) par-
ticipants.

In order to test the hypotheses that selenium (current
and long-term) would be associated with better memory
scores among cognitively normal individuals, the analy-
ses were re-run utilizing only those consensus classified
as “cognitively normal.” In those without any overt signs
of cognitive dysfunction, selenium level was again sig-
nificantly positively associated with Immediate Memory
(#=0.23, p <0.001) and Delayed Memory (f=0.45,p =
< 0.001). As with the findings from the total sample, the
positive link between current selenium exposure and Imme-
diate Memory only held for APOE4 negative participants
(B = 0.250, p < 0.001) while the link for Delayed Mem-
ory held for both APOE4 positive (f = 0.425, p = 0.001)
and APOE4 negative (f = 0.472, p < 0.001) participants.
Long-term selenium was again significantly positively re-
lated to Delayed Memory only (f = 0.37, p < 0.001),
which held for both APOE4 positive (8 = 0.410, p = 0.01)
and APOE4 negative (ff = 0.366, p < 0.001) participants.

As with the larger sample, current and long-term sele

Table 2. Sdenium levels impact on neuropsychological func-
tioning.

Total Sample Cognitively Normal)
(n=324) (n=484)
B (SE) p-value B (SE) p-value

RBANS

Immediate Memory 0.094(0.04)  0.01

0.149 (0.03) <0.001

v};i/;iial 0.027(0.03) 030  0.020(0.03)  0.53
Sﬁ;ﬁ; -0.038 (0.02)  0.08 —0.017(0.02) 0.47
ARtiﬁE; -0.079 (0.08) 0.13  0.011(0.06) 0.84
DelaI;(SjAl\I/II:mory 0.281 (0.04) <0.001 0.305(0.04) <0.001

B = Unstandardized Coefficient; SE = Standard Error Note. Covariates in-
cluded age, gender, education, language of administration (English or Span-
ish), and APOE4 presence (yes/no).

NM



22 Higher Groundwater Selenium Exposure Is Associated with Better Memory: A Project FRONTIER Study

nium were not significantly related to baseline MMSE
scores. However, current selenium was significantly re-
lated to a reduced risk of decline in MMSE scores over
time (8 =—0.20, p = 0.03). In fact, once current selenium
levels were entered into the model, none of the other co-
variates (including age, gender, education and language
of administration) contributed significantly to change in
scores. Long-term selenium was not significantly related
to AMMSE scores.

4. Discussion

Water is consumed by everyone to varying degrees through
direct consumption, cooking, bathing and/or personal hy-
giene (e.g. brushing teeth), recreational activities and many
other ways. Identification of elements through this wide
ranging exposure can positively or negatively impact men-
tal status during the aging process would have profound
implications for public health. Our findings suggest that
groundwater selenium is an important element to con-
sider. Others have proposed the use of selenium for pre-
ventative and/or treatment efforts aimed at cognitive
dysfunction and Alzheimer’s disease.

The current findings cross-validate prior work that has
linked selenium specifically to memory functioning. Con-
sistent with the work of Gao et al. [7], analysis of our sam-
ple of 484 rural-dwelling adults and elders, revealed that
lower selenium level was significantly related to poorer
memory among the total sample as well as when restricted
to only those considered cognitively normal. Through
use of GIS methods, we also extend this work to a new
modality of measurement. Specifically, while Gao et al.
found a significant link between memory and selenium
levels in fingernails, we cross-validated this finding util-
izing GIS-based estimated groundwater exposure to sele-
nium. While inclusion of direct measurement of selenium
levels in groundwater sources is preferable, GIS-based
estimates such as those provided here enable a broader ap-
proach to this important area of study and open up inquiry
to existing cohorts/databases of cognitive aging where
groundwater selenium levels are available from other sources
of data. The use of GIS methods also offers the distinct
advantage of modeling estimated long-term exposure. Cur-
rently there is no biomarker of long-term selenium expo-
sure available; however, the state of Texas has a long-
standing water surveillance system through the Texas
Water Development Board. With this historical data in hand,
we first determined that groundwater selenium levels have
been fairly stable over the last 15 years. We then were
able to create a long-term estimate by multiplying current
levels by the number of years residing at the participant’s
current home. Given the significant stability of the cohort
(averaging over 30 years in current home), we were able
to create the first ever estimate of long-term selenium expo-
sure and demonstrate its link with memory abilities. Our
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preliminary analyses from a subset of participants seen
prospectively (n = 135), suggest that selenium exposure
is related to less decline in global cognition over time.
This finding is very interesting given that baseline MMSE
scores were not related to selenium levels (current or long-
term). These findings further support the need for further
work looking at selenium as a preventative effort aimed
at staving off or preventing cognitive decline.

The protective impact of selenium on memory func-
tioning fits its biological activity. Selenium, a main con-
stituent of neuronal selenoproteins, may be particularly
important for sustaining healthy cerebral functioning [40]
given the selenium dependent glutathione peroxidase line
of defense against free radical damage [41]. An additional
protective aspect of selenopritein is through selenopro-
tein P, which is synthesized at the cerebral level and pro-
tects against oxidative damage due to peroxynitrite [42,43].
In animal models, short-term supplementation of sele-
nium has been found to improve memory functioning in
a rat model of dementia [44]. van Eersel ef al. [45] dem-
onstrated that supplementation of sodium selenate re-
duced tau phosphorylation and abrogated neurofibulary
tangle (NFT) formation in multiple mouse models of
Alzheimer’s disease. In humans, low selenium levels have
been associated with poorer memory functioning in cross-
sectional research [7] and with greater cognitive decline
in longitudinal studies [11]. The current findings support
both the cross-sectional and longitudinal benefit of higher
selenium levels.

There are limitations to the current study worth con-
sidering. First, the use of direct ground-water measure-
ment would be preferable. However, prior work has shown
that GIS-based methods are valid for estimating current
exposure levels. GIS-based methods also open up this line
of research to additional research groups who may have
neuropsychological data among large cohorts (cross-sec-
tional and longitudinal), but do not have groundwater sele-
nium levels if such records are available by other sources.
The existence of the TWDB data showing stability of
selenium groundwater levels over time, combined with
the stability of the cohort, also offer the first ever method
for attempting to model long-term selenium exposure.
While we cannot conclude that the current findings are
directly related to drinking water levels (we have esti-
mated exposure levels rather than actual groundwater
levels and consumption patterns), we can conclude that in-
dividuals who have resided in regions of lower ground-
water selenium levels (current and over long periods of
time) have poorer memory than those living in areas of
higher selenium groundwater levels. The current findings
do not take into account selenium ingestion from other
sources (i.e. food, supplementation). We do not have de-
tained neuropsychological test findings longitudinally;
however, our pilot analyses on change in MMSE scores
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over time support the need to further investigate this topic
and we will begin collection of longitudinal data in Pro-
ject FRONTIER soon.

Selenium has long been known to have anti-oxidant im-
pact in the human body as well as within the brain, par-
ticularly. Oxidative stress is also one of the primary fac-
tors associated with age-related cognitive decline and dys-
function; however, little research has been conducted within
human populations examining the potential positive im-
pact of selenium on cognition. Our work adds to the ex-
tant literature by demonstrating a positive link between
groundwater selenium exposure levels and memory abili-
ties among a community-based sample of rural adults and
elders. That link held for the total sample, as well as when
restricted to those without any overt cognitive dysfunc-
tion and the link was only minimally impacted by APOE4
status. Our findings also support the link between selenium
exposure and reduced decline in cognition longitudinally.
If supported through additional investigation, these findings
point to the potential of groundwater supplementation
with selenium, within a therapeutic window, as a popula-
tion-based strategy for decreasing risk for cognitive de-
cline and/or Alzheimer’s disease.
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